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Introduction
Humans produce an alm ost continuous stream o f vo luntary actions, here defined as 
actions that are intended by the actor (Passingham, 1995). These actions can range 
from  simple movements (such as grasping a glass) to more complex movements 
(such as playing a musical instrument). Most o f the time, the production o f these 
movements requires little  effort, i.e. we simply determ ine to  generate a m ovement 
and it happens. In patients w ith  Parkinson's disease (PD), a neurological disorder first 
described by James Parkinson in 1817, this ab ility becomes severely impaired: "as the 
disease proceeds (...) the hand fails to answer with exactness to the dictates o f the w ill" 
(Parkinson, 1817). Clinically, these m otor impairments o f PD are apparent in symptoms 
such as bradykinesia (slowness o f movement), hypokinesia (poverty o f movement, 
and movements tha t are smaller than intended), and the progressive fatiguing and 
decrement o f repetitive alternating movements seen during finger or fo o t tapping 
(Abdo et al., 2010). In this thesis, we refer to  all these m otor symptoms as "akinesia", an 
umbrella term  that we operationally define as "the im pairm ent to generate voluntary 
actions." In the same patients, the failure to generate vo luntary actions is accompanied 
by increased rhythm ic m otor activ ity  that is involuntary in nature: "In the real Shaking 
Palsy (...) the agitation continues in fu ll force whilst the limb is a t rest and unemployed; and 
even is sometimes diminished by calling the muscles into employment" (Parkinson, 1817). 
This m otor symptom o f PD is called resting tremor. In this thesis, we w ill explore in 
more detail the nature o f akinesia and resting trem or in PD. The tw o  other cardinal 
symptoms o f PD are rig id ity and disturbed balance, and these w ill not be addressed 
in this thesis (for mechanisms underlying postural disturbances in PD, see e.g. the 
dissertation o f Bloem, 1994).
A lm ost 200 years ago, James Parkinson carefully described akinesia and resting 
trem or in his patients, but he did not have the tools to  determ ine the ir underlying 
pathophysiology. Acknowledging this, he expressed the hope tha t "friends to humanity  
and medical science (anatomists; RH), who have already unveiled to us many o f the morbid 
processes by which health and life is abridged, m ight be excited to extend their researches 
to this malady" (Parkinson, 1817). Indeed his paper triggered a w hole field o f research, 
devoted to understanding the pathophysiology o f PD.
To investigate the neurobiological changes occurring in PD, research initially 
relied mainly on post-m ortem  material from  PD patients (Braak et al., 2003;Kish et al., 
1988;Bernheimer et al., 1973), and on animal models o f PD (Langston et al., 1984). 
These studies have been valuable for defining the neuroanatomy o f PD. However, 
post-m ortem  material is collected m ostly from  patients w ith  advanced disease, where 
brain pathology is diffuse and obscured by secondary changes. Moreover, pathological 
studies cannot address functional changes in PD. Furthermore, animal models are not 
able to fu lly  capture all aspects o f human PD (Di Monte, 2003). For example, the most
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com m only used animal model is based on chronic intoxication w ith  1-m ethyl-4-phe- 
nyl-1,2,5,6-tetrahydropyridine (MPTP), a neurotoxin that damages the nigrostriatal 
dopamine tract (Langston et al., 1984;Bloem and Roos, 1995). W hile MPTP produces 
signs resembling akinesia and rig id ity in affected animals, not all species develop 
resting trem or (Bergman et al., 1998b). Also, while  nigrostriatal degeneration in PD 
patients fo llow s a gradual progression, the same tim ing is more d ifficu lt to achieve 
using MPTP injections in animals (Mounayar et al., 2007). Finally, not all cognitive 
domains are easily translated from  humans to animals.
In the last decades, the developm ent o f brain imaging methods such as functional 
m agnetic resonance imaging (fMRI; see BOX 1) has made it possible to non-invasively 
measure brain activ ity in vivo. These tools can be used to investigate functional 
changes occurring in PD patients. Functional reorganization in PD can take d ifferent 
forms. For example, it m ight be localized to specific brain regions, or involve 
system-level changes at the netw ork level. Furthermore, functional reorganization in 
PD may have d ifferent behavioural consequences. That is, they could reflect 
pathological alterations that produce clinical or behavioural impairments, but also 
compensatory mechanisms serving to delay or even reduce clinical symptoms (Bezard 
and Gross, 1998).
In this thesis, I have investigated the cerebral reorganization underlying altered 
action planning (akinesia) and resting trem or in patients w ith  early PD. Using fMRI, I 
have identified local cerebral changes by focusing on altered task-related activity, and 
system-level changes by focusing on altered functional connectivity in PD (see BOX 2). 
By relating cerebral changes to clinical or behavioural measures, I have tried to 
distinguish primary pathophysiological from  secondary compensatory mechanisms. 
The identification o f these tw o  mechanisms is im portant to expand our knowledge 
about the neurobiological mechanisms o f PD. In the future, this knowledge may lead 
to  new therapies aimed at modulating functional reorganization in vivo, for example 
by tuning down pathophysiological changes or by facilitating compensatory mechanisms.
Parkinson's disease: dysfunction of the cortico-striatal 
circuit
The main pathological substrate o f PD involves progressive depletion o f dopamine in 
the basal ganglia (Kish et al., 1988), which is a collection o f subcortical nuclei deep in 
the brain. The basal ganglia do not project directly to the spinal cord, but are 
interconnected w ith  the cerebral cortex through various loops involving the striatum 
(caudate nucleus, putamen and nucleus accumbens), the pallidum (globus pallidus 
pars interna and pars externa) and substantia nigra pars reticulata, and specific nuclei 
in the thalamus (Alexander et al., 1986). A ctiv ity  w ith in  these loops is though t to have
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a m odulatory effect on cortical processing, fo r instance biasing the system to select a 
certain action given the prevailing context (Mink, 1996). The cortico-striatal loops 
span several cognitive domains involving m otor control, executive control and 
m otivational control. It was trad itiona lly though t tha t these loops are anatomically 
and functiona lly  segregated from  each other, giving rise to m ultip le parallel circuits 
(Hoover and Strick, 1993). For instance, there is a clear functional topography in the 
striatum, such that the putamen is involved in m otor control, the caudate in executive 
control and the accumbens in m otivational control (Postuma and Dagher, 2006). 
Furthermore, dopamine depletion in PD is not uniform  across the entire striatum, but 
is more severe in the dorsolateral striatum  (i.e. the posterior part o f the putamen) than 
in the dorsomedial striatum [i.e. involving the accumbens; (Bruck et al., 2006;Kish et 
al., 1988)]. In line w ith  the known striatal topography, m otor im pairments are most 
clearly visible in PD patients (Marsden, 1982). Despite these patterns o f functional 
segregation and specialization, recent anatomical evidence suggests that d ifferent 
cortico-striatal circuits may in fact interact w ith  each other, and tha t dopamine plays 
an im portan t role in m odulating these interactions (Haber et al., 2000). In chap te rs 2,
3 and 8, I w il l p ro v id e  e m p irica l evidence to  su p p o rt th e  idea th a t  PD p a tie n ts  
have increased fu n c tio n a l in te ra c tio n s  b e tw een  d iffe re n t c o rtic o -s tr ia ta l 
c ircu its . These interactions may optim ize behavioural performance (i.e. functional 
compensation; chapter 8), but they could also reduce the functional specificity o f cor- 
tico-striatal processing (chapter 2), or result in overly synchronized activ ity  that 
produces specific symptoms (tremor; chapter 3).
Resting tremor: hyperactivity w ith in the cerebello- 
thalamic circuit
Resting trem or is a peculiar symptom o f PD: while  patients gradually lose voluntary 
control over the ir m otor system (akinesia), increased oscillatory activ ity in that same 
m otor system causes the ir limbs to  shake in an involuntary and uncontrollable fashion. 
Resting trem or was in itia lly regarded as an inherent PD symptom, expressed in the 
name that James Parkinson gave to this disorder: shaking palsy. In reality, however, 
only 75% o f PD patients develop resting trem or (Elble and Koller, 1990). This led the 
great French neurologist Jean-Martin Charcot to rename the disorder to "Parkinson's 
disease" in 1876. Tremor is typically characterized by 4 -6  Hz activ ity at rest in the 
limbs w ith  distal predominance. The fingers are most com m only affected, giving rise 
to the classic "p ill-ro lling " trem or (Abdo et al., 2010;Rodriguez-0roz et al., 2009). Besides 
resting tremor, PD patients also sometimes have action or postural tremor, both of 
which are less characteristic and less prevalent than resting tremor. In this thesis, I will 
focus m ainly on resting tremor.
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BOX 1 Functional Magnetic Resonance Imaging (fMRI)
Functional Magnetic Resonance Imaging (fMRI) is a w idely used method to 
investigate cerebral activ ity  in vivo, since its discovery in the beginning o f the 
1990's (Belliveau et al., 1991;0gawa et al., 1990). It measures the hemodynamic 
response (change in blood flow ) related to  neural activ ity  in the brain. fMRI has 
several advantages compared to other neuroimaging techniques. First, it can 
measure cerebral activ ity  across the w hole brain at a high spatial resolution of 
several mm, and in a relatively short tim e period o f ~ 2 seconds. This allows a 
systems-level view on human brain function, because: (1) activ ity in a variety of 
cortical and subcortical brain areas can be quantified at the same time, and (2) 
it becomes possible to measure netw ork properties, e.g. functiona l connectiv ity 
between d ifferent areas (see BOX 2). This is particularly relevant for this thesis, 
given my interest in the basal ganglia [which are invisible to some other 
neuroimaging techniques like electro-encephalography (EEG)], and in functional 
reorganization at the netw ork level. Furthermore, the temporal resolution of 
fMRI allows the use o f rapid event-related designs, which can probe cerebral 
activ ity during several d ifferent experimental conditions (events). Second, in 
contrast to  nuclear imaging methods [e.g. positron emission tom ography (PET), 
and single photon emission computed tom ography (SPECT)], fMRI does not use 
ionizing radiation, but relies on changes in magnetic fields. This allows one to 
measure relatively large groups o f subjects, which increases the inference o f the 
findings. fMRI also has some disadvantages. For example, the lim ited temporal 
resolution makes it d ifficult to determ ine the order in which m ultip le brain areas 
are activated. This lim its inferences about causality (e.g. activ ity  in region A 
precedes activ ity  in region B, so A drives B). Another factor that lim its inferences 
about causality is that fMRI can measure, but not interfere, w ith  cerebral 
function. This makes it impossible to make solid statements about the causal 
role between altered cerebral activ ity  and altered behaviour (e.g. altered brain 
activ ity may cause altered behaviour, but it may also result from  altered 
behaviour). When keeping these interpretational lim itations in mind, fMRI is a 
very valuable too l to study functional and cerebral reorganization in vivo.
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F ig u re  1 Functional Magnetic Resonance Imaging
Subjects are scanned while lying supine in the MRI scanner (panel A, left). Here, the subject 
responds during the task by pressing a button w ith his left or right foot (see foot pedals). 
With an MR-compatible eye tracker, eye movements can be quantified during scanning. 
The subject can look onto a screen via a mirror. Task stimuli are programmed on a computer 
in the control room (panel A, right), and presented onto the screen via a beamer. A high­
resolution structural MRI scan is made to  define the subject's individual anatomy (panel B, 
top). Functional MRI scans (panel B, bottom) have less spatial resolution, but they can be 
collected much more rapidly (i.e. the whole brain within ~ 2 seconds) than a structural scan.
To date, the pathophysiology o f resting trem or remains poorly understood. W hile 
the severity o f akinesia and rig id ity is predicted by decreasing levels o f dopamine in 
the striatum (Brooks and Piccini, 2006), this pathology does not account for resting 
trem or (Spiegel et al., 2007). Instead, studies that used deep brain stim ulation and 
neuroimaging techniques suggest that this symptom is produced by the cerebello- 
thalamic circuit (Antonini et al., 1998;Deiber et al., 1993;Timmermann et al., 2003;Fukuda 
et al., 2004), i.e. distinct from  the dopamine-depleted cortico-striatal system. However, 
the presence o f tremor-related oscillations in the basal ganglia [in the subthalamic 
nucleus and internal globus pallidus; (Levy et al., 2000;Raz et al., 2000)], and the ability 
o f deep brain stim ulation o f these nuclei to arrest trem or (Perlm utter and Mink,
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BOX 2 Resting state functional connectivity
Most fMRI studies use experimental tasks to localize brain activ ity  (i.e. blood 
oxygen level dependent signal; BOLD) related to specific experimental 
conditions. This approach is focused on evoked brain activ ity (by the task), while  
spontaneous (or intrinsic) fluctuations in brain activ ity  are regarded as noise. In 
1995, Biswal and colleagues made an im portant discovery that would change 
this view. They found that spontaneous BOLD fluctuations measured in the left 
m otor cortex are specifically correlated w ith  spontaneous fluctuations in the 
right m otor cortex (and medial m otor areas) in the absence o f overt m otor 
behaviour (Biswal et al., 1995). In other words, they discovered that -  in an 
uncontrolled "resting state" -  brain activ ity is not random, but instead shows a 
clear spatio-temporal organization. Interestingly, in the 1990's this w ork did not 
receive a lot o f attention. That happened only later, when the same principles 
were applied to  the default mode netw ork (Greicius et al., 2003). The default 
mode netw ork is a set o f regions (i.e. the posterior cingulate, ventromedial 
prefrontal cortex and angular gyrus) that shows more activ ity  during rest than 
during a task (Raichle et al., 2001), and Greicius and colleagues found that these 
regions were functiona lly  connected during rest (Greicius et al., 2003). W hile to 
many people "resting state fMRI" is im mediately linked to the default mode 
network, in fact this is only one o f several functional networks showing intrinsic 
coupling at rest (Damoiseaux et al., 2006). The neurobiological source o f these 
fluctuations, as well as the ir functional role, has become an active field o f 
research (Fox and Raichle, 2007). Despite these uncertainties, it is clear that 
resting state functional connectiv ity is a useful marker for the functional 
in tegrity o f cerebral networks (Greicius, 2008;He et al., 2007). This makes this 
method a very interesting tool to ask hypothesis-driven questions about the 
functional reorganization occurring in neurobiological disease, as I have done 
in this thesis.
Resting state functional connectiv ity takes place at very low frequencies 
(< 0.1 Hz), and can be easily studied using fMRI. In most cases, subjects are 
scanned for ~ 5-10 m inutes w ith  the instruction to: "keep your eyes closed, and 
th ink o f nothing in particular". To quantify functional connectivity, m ost studies 
(including the ones in this thesis) use a "seed-region approach". Specifically, 
the tim e course o f a region o f interest in extracted, and correlated voxel-by- 
voxel w ith  the rest o f the brain. The resulting connectiv ity maps can then be 
averaged across subjects, and compared between groups (e.g. patients and 
controls). Other approaches, which I have not used in detail, include independent 
component analysis [ICA; (Beckmann et al., 2005)] or partial correlations (Salvador 
et al., 2005).
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Figure 2 Resting state connectivity
This figure illustrates for one subject how a seed region approach can be used to quantify 
intrinsic (resting state) connectivity o f an area o f interest (here, the left dorsal premotor cortex 
(PMd), i.e. the blue circle in panel A). Panel B shows the power spectrum o f the BOLD time 
course o f the left PMd. It is clear that most variance is present in the very low frequencies 
(< 0.1 Hz). Panel C shows the time course o f the left PMd (in blue). Using this time course as an 
explanatory variable in a multiple regression analysis, regions with a similar time course can 
be identified (panel A shows the results o f a first-level analysis for one subject; p<0.05 FWE 
corrected). This is also illustrated in panel C: the time course o f the left superior parietal lobule 
(SPL, in red) is highly correlated with the time course o f the left PMd (in blue). This correlation 
is specific: signal in the left ventricle (shown in green) is not correlated with the PMd.
2006;Sturman et al., 2004;Krack et al., 1997), suggests tha t the pathophysiology of 
resting trem or is not independent from  the basal ganglia. In fact, it has been suggested 
that resting trem or occurs exclusively in disorders that have nigro-striatal dopamine 
depletion, i.e. parkinsonian syndromes (including PD) and Holmes' trem or (formerly
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called rubral or midbrain tremor) (Deuschl et al., 2000). Clinically, resting trem or has a 
surprising characteristic: PD patients developing this symptom  generally have a more 
benign disease course than patients w ith o u t tremor. For instance, trem or-dom inant 
PD patients progress more slowly (Jankovic and Kapadia, 2001), develop less cognitive 
im pairm ent (Lewis et al., 2005), have fewer balance problems (Rajput et al., 1993) and 
perform  better on action selection tasks (Vakil and Herishanu-Naaman, 1998). This 
observation led to the recognition o f (at least) three d ifferent phenotypes o f PD: the 
trem or-dom inant phenotype (which is characterized by severe resting tremor); the 
non-trem or-dom inant phenotype [which is either characterized by predominant 
akinesia and rig id ity (Rajput et al., 1993), or by predom inant postural disability and gait 
disorder (PIGD) (Jankovic et al., 1990)]; and an intermediate phenotype (Alves et al., 
2006;Burn et al., 2006;Jankovic et al., 1990). The clinical and behavioural differences 
between PD subtypes may be caused by differences in underlying striato-pallidal 
dopamine depletion, in cortico-striatal dysfunction, or in cerebral adaptations 
compensating for these impairments. In c hap te r 3, I w ill in ve s tig a te  th e  cerebra l 
m echan ism s th a t lead to  re s tin g  tre m o r in  PD. I w il l focus on to p o g ra p h ic a l 
p a tte rn s  o f  s tr ia to -p a llid a l d o p a m in e  d e p le tio n  and  on  a lte re d  c o n n e c tiv ity  
b e tw ee n  th e  basal gang lia  and o th e r  cerebra l system s. F u rth e rm o re , in  chap te r
4 I w il l in v e s tig a te  th e  e ffe c t o f  PD re s tin g  t re m o r on  v o lu n ta ry  a c tio n  p lann ing , 
te s tin g  w h e th e r fu n c tio n a l d iffe re nc es  in  th e  cerebra l ac tio n  p la n n in g  c irc u itry  
m ay e xp la in  w h y  tre m o r-d o m in a n t PD is m ore  b en ig n  th a n  n o n -tre m o r PD.
Akinesia: impaired voluntary action planning
The importance o f the basal ganglia for m otor control is underscored by the presence 
o f akinesia in PD patients, by motor-related neural activ ity  in the basal ganglia of 
non-hum an primates (Delong, 1972;Hore et al., 1977;Iansek and Porter, 1980) and by 
motor-related m etabolic activ ity  in the basal ganglia o f human subjects (Jankowski et 
al., 2009;Jueptner et al., 1997). This contribution is not restricted to the execution of 
m otor commands, but extends to the selection and planning o f actions. For instance, 
PD patients have altered cerebral activ ity already before the onset o f a movement, as 
shown w ith  electrophysiological recordings (Cunnington et al., 2001b;Praamstra et al., 
1996) and transcranial magnetic stim ulation [TMS; (Pascual-Leone et al., 1994)]. 
Furthermore, neuroimaging studies using PET or fMRI have shown that PD patients 
have altered activ ity  not only in the primary m otor cortex (Playford et al., 1992;Rascol 
et al., 1992), but also in the prem otor cortex (e.g. the supplementary m otor area (SMA) 
and pre-SMA).
Introduction | 19
Until the 1980's, the general belief was that the basal ganglia were only involved 
in planning and execution aspects o f m otor control. In his famous Wartenberg lecture, 
C. David Marsden stated that: "Some physiologists and psychologists, impressed by the 
wealth o f input from virtually a ll areas o f the cerebral cortex into the basal ganglia, have 
speculated that these regions may exert much wider functions in sensory and “cognitive" 
domains as well as in the m otor sphere (...) My conclusion is that (...) the basal ganglia 
should still be regarded as organs o f motor control" (Marsden, 1982). However, from  the 
1980's onwards, evidence began to accumulate that the basal ganglia are also involved 
in other domains, such as cognition [e.g. (Cools et al., 1984;Cools et al., 2001b;Beckley 
et al., 1993)], reward anticipation (Schultz et al., 1992) and sensory processing [e.g. 
(Bronstein et al., 1990;Filion et al., 1988;Keijsers et al., 2005)]. It was found that certain 
im pairments o f m otor control, for instance the inability o f PD patients to switch 
between m otor elements w ith in  a sequence (Benecke et al., 1987;Hayes et al., 1998), 
also apply to non-m otor domains, such as the inability o f PD patients to switch 
between tw o  cognitive tasks (Cools et al., 2001b). This points to basic "cross-modality" 
com putations carried ou t by the basal ganglia. One general account on the basal 
ganglia is given by (Houk and Wise, 1995), w ho posited that "through the mediation o f 
reinforcement training signals provided by the dopaminergic cells o f the midbrain, this 
neuronal architecture (the cortico-striatal circuit; RH) learns to recognize and register 
complex contextual patterns that are relevant to behaviour. This contextual information  
includes the state o f the organism, the desirability o f an action, the actions planned in the 
near future, the location o f targets o f action, and sensory inputs suitable for either selecting 
or triggering m otor programs"  In other words, the extensive cortico-striatal input from  
the entire cortex allows the basal ganglia to function as a "context detector", enabling 
appropriate behaviours (m otor or cognitive representations) in the frontal lobe. 
M alfunction o f this system could lead to  the inability o f PD patients to  select actions, 
resulting in akinesia.
The cortico-striatal circuit seems particularly involved in supporting actions that 
are driven by internal contexts, as compared to actions tha t are dictated by 
environm ental cues (Brown and Marsden, 1988;Jahanshahi et al., 1995;Georgiou et al., 
1993;Iansek et al., 2006). In fact, a more restrictive defin ition o f vo luntary actions is 
based on this d istinction, such that "vo lun tary " (in a stricter sense) applies to actions 
that are not prompted or suggested by others (Passingham, 1995). An im portant 
"internal context" is the recent history o f cognitive or m otor sets tha t have been 
executed. W hile it has been suggested that the m otor system "recycles" some o f the 
previous m otor parameters for subsequent use (van der Wel et al., 2007), other 
parameters need to be actively updated (O'reilly, 2006). Cortico-striatal dysfunction in 
PD may lead to a failure to perform  these computations, resulting in impairments 
when patients have to switch between subsequent cognitive or m otor programs 
(Cools et al., 2001b;Hayes et al., 1998). In chap ters 7 and 8, I w ill focus on th e  ro le
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o f  th e  basal g ang lia  in  f le x ib ly  sw itch ing  b e tw een  m o to r (chap te r 7) and 
c o g n itiv e  (chap ter 8) re p re se n ta tio n s . F u rth e rm o re , I w il l in v es tig a te  p o te n tia l 
co m p e n sa to ry  m echan ism s, such as rew ard  a n tic ip a tio n .
Another "in terna l" context in which actions are selected is defined by the current 
state o f the body, which is encoded by proprioceptive input from  muscles and joints. 
A lthough superficial testing o f auditory, visual and somatosensory function (e.g. 
touch) is normal in PD, more detailed and sophisticated testing has shown that PD 
patients have in fact marked im pairments in somatosensory processing, in particular 
proprioception (body position sense) (Jobst et al., 1997;Klockgether et al., 1995;Maschke 
et al., 2003;Rickards and Cody, 1997;Schneider et al., 1986;Zia et al., 2000). These 
proprioceptive im pairments may have im portant effects on m otor control: "Possibly, 
when the basal ganglia are diseased o r dysfunctional, certain abnormalities o f movement 
may result -  not from a simple removal o f inhib itory basal ganglia influence on the motor 
system, but from a disturbance o f the sensory gating systems o f the basal ganglia resulting 
in abnormal sensory input to motor areas. A defect in sensorimotor integration m ight then 
result in abnormal movements" (Schneider et al., 1986). Later studies showed that, 
besides these behavioral proprioceptive impairments, PD is also associated w ith  
altered somatosensory signals in the basal ganglia (Filion et al., 1988) and cortex 
(Boecker et al., 1999). This suggests that impaired proprioceptive processing in PD 
could contribute to the akinesia o f these patients.
Interestingly, input from  other sensory modalities is though t to have opposite 
(beneficial) effects on akinesia. For instance, behavioural studies have shown tha t PD 
patients can improve the ir m otor abilities by relying on visual or auditory cues. For 
example, while  PD patients make severe localization errors when pointing to an 
illum inated target in the dark, they perform  much better w ith  a small light attached 
to  their own index finger, enabling them  to visually track the ir own m ovements 
(Keijsers et al., 2005;Adamovich et al., 2001). Similarly, aud itory cues (e.g. a ticking 
m etronom e) can improve the gait o f PD patients by pacing subsequent stepping 
m ovements (Georgiou et al., 1993;Rochester et al., 2009). Clinically, these compensatory 
strategies are visible as im provem ents in akinesia, for example when PD patients cross 
a zebra or ascend a staircase, which both provide a visual pattern that helps patients 
to  select appropriate m otor responses. Thus, while  proprioceptive processing is 
disturbed and may contribute to akinesia, increased visual and aud itory processing 
could provide a compensatory mechanism that improves akinesia. This becomes 
evident in the observation o f Kenneth Flowers, w ho noted that: "the Parkinsonian 
subject does not seem to 'know' where his hand is in space nor in relation to other objects, 
and so must continuously m onitor visually both his own movement and the external world 
to maintain control" (Flowers, 1976). The reason why proprioceptive processing is 
preferentially disturbed, while  visual and auditory processing is relatively unimpaired, 
may be explained by the functional anatom y o f the cortico-striatal system. That is, the
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visual cortex projects primarily to the caudate (Baizer et al., 1993;Yeterian and Van 
Hoesen, 1978;Yeterian and Pandya, 1995), whereas the somatosensory cortex (including 
Brodmann area 3a that receives proprioceptive input) sends massive projections to 
the putamen (Alexander and DeLong, 1985;Flaherty and Graybiel, 1994). Since the 
putamen is more affected by nigrostriatal dopamine depletion than the caudate 
(Bruck et al., 2006;Kish et al., 1988), it fo llow s that proprioceptive processing should be 
most affected.
In sum, these studies suggest that basal ganglia dysfunction may produce 
impaired action planning and execution, but also impaired flex ib ility  and impaired 
somatosensory processing, all o f which could contribute to akinesia. In chap te rs 4 
and 6, I w il l focus on  th e  cerebra l co rre la tes  o f a c tio n  p la n n in g  in  PD. The resu lts  
o f  th ese  s tud ies ind ic a te  th a t  a lte ra tio n s  in  th e  p re m o to r c o rte x  (chap ter 4), th e  
so m a tosenso ry  c o rte x  (chap ter 4) and th e  v isua l c o rte x  (chap ter 6) m ay all 
c o n tr ib u te  to  a lte re d  a c tio n  p la n n in g  and ak ines ia  in  PD.
Motor imagery: a tool to study voluntary action planning
Most studies investigating altered action planning in PD used paradigms where 
patients were asked to actually perform  (or execute) actions (Jahanshahi et al., 
1992;Rascol et al., 1992;Sabatini et al., 2000;Samuel et al., 1997). A disadvantage o f 
these paradigms is that it is often d ifficu lt to determ ine where in the m otor hierarchy 
such im pairments arise. For instance, altered movement-related brain activ ity  in PD 
may be caused by a failure to select the desired action plan amongst several 
alternatives (Mink, 1996), to  define the m otor parameters that constitute the action 
plan (Desmurget et al., 2003), to predict the somatosensory consequences o f that 
action (Contreras-Vidal and Gold, 2004), to activate the appropriate muscles (Hallett 
and Khoshbin, 1980), or to  process the somatosensory feedback arising from  the 
moving limb (Boecker et al., 1999). To circumvent the interpretational difficulties 
associated w ith  m otor execution paradigms, I have used m otor imagery as a too l to 
tease apart d ifferent aspects o f m otor control. M otor imagery is the ab ility to imagine 
carrying out an action while  not actually perform ing it. Previous research has shown 
that there are tig h t behavioural and neural links between m otor imagery and m otor 
execution. For instance, the tim e it takes to imagine a specific action strongly 
resembles the tim e it takes to execute that same action (Parsons, 1987;Sirigu et al.,
1996). Furthermore, many cerebral regions that are activated during m otor execution 
are also activated during m otor imagery (Hanakawa et al., 2003). The difference 
between m otor imagery and m otor execution is that the first does not involve 
activation o f muscles, or processing o f somatosensory feedback. This makes it easier 
to a ttribute  changes in patients to altered selection or planning abilities. A pitfall of
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many m otor imagery paradigms, however, is tha t it remains often unclear what 
subjects were actually doing during the task. For instance, fatigue or inattention 
during the task may lead to d ifferent levels o f brain activ ity  that are not related to 
action planning abilities. To solve this issue, I have used an experimental task involving 
behavioural responses. These responses can be used to assess and compare the 
ab ility o f subjects to perform the task, and to test w hether subjects employed a m otor 
imagery strategy. The task tha t subjects were asked to perform  in the studies presented 
here, was to judge the laterality (le ft or right) o f visually presented body parts (e.g. 
hand or foo t stimuli). This is illustrated in Figure 3A. This "la tera lity judgm ent task" was 
first described in 1987 by Lawrence Parsons (Parsons, 1987). Importantly, subjects 
generally solve this task by imagining a m ovem ent w ith  their own hand or foot, i.e. 
they use implicit m otor imagery to making perceptual judgm ents about the laterality 
o f presented body parts. This strategy becomes evident and quantifiable when 
contrasting d ifferent trial types. For instance, the position in which a hand stimulus is 
presented determines how d ifficult the imagined m ovem ent is, depending on the 
biomechanical constraints o f the human body (of muscles, tendons and bones). 
This enables a comparison between tw o  d ifferent conditions: biomechanically 
d ifficu lt and easy trials (de Lange et al., 2006), which can be matched in terms o f visual 
features, rotation w ith  respect to the neutral position, and the required response 
(to indicate w hether the stimulus is a left or a right body part). This contrast is 
illustrated in Figure 3B. If subjects use m otor processes to solve this task, then reaction 
times should increase for biomechanically d ifficu lt trials, because it takes longer for 
these movements to unfold (de Lange et al., 2008). If subjects do not use m otor 
imagery to  solve this task, then performance should not depend on the biomechanical 
com plexity o f the imagined movement. I used this contrast to test which brain regions 
are recruited during action planning in PD (chapters 4 and 6). Patients w ith  PD are 
able to engage in m otor imagery, as demonstrated by comparable behavioural 
performance as healthy controls (Dominey et al., 1995). To investigate the ab ility o f PD 
patients to  flex ib ly switch between different imagined movements, I used an 
experimental m anipulation that is orthogonal to the effects o f biomechanical 
complexity: the order in which subsequent trials are presented. Specifically, I tested 
w hether an imagined m ovem ent at trial x depends on the type o f m ovem ent 
imagined at trial x-1. This allows a comparison between m ovement-sw itch trials (e.g. 
imagery o f a le ft hand after imagery o f a right hand) w ith  movement-repeat trials (e.g. 
imagery o f a le ft hand after imagery o f a le ft hand). This contrast is illustrated in Figure 
3C. I used this contrast in chapter 7 to test which brain regions are recruited during 
action switching in PD. Given the im pairments that PD patients have in switching 
between d ifferent movements w ith in  a pre-defined sequence (Benecke et al., 
1987;Hayes et al., 1998), we reasoned that similar effects may emerge when patients 
are required to switch between d ifferent imagined movements.
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A TASK: Left o r right body part?
B Factor BIOMECHANICAL COMPLEXITY
C Factor HAND-ORDER
right
time
Figure 3 Hand laterality judgm ent task
Subjects are presented with pictures o f hands and feet (panel A), and they are asked to report 
the laterality o f the body part. By contrasting biomechanically difficult vs. easy trials (panel B), 
we identified the neural and cerebral correlates o f action planning. By contrasting hand-switch 
vs. hand-repeat trials, we identified the neural and behavioural correlates o f action switching.
Outline of this thesis
The fo llow ing  chapters are aimed at providing insight into the functional and cerebral 
reorganization occurring in PD. The research is organized along three (partly over­
lapping) research lines.
First, I w ill investigate how  dopamine depletion in the basal ganglia (striatum and 
pallidum) o f PD patients alters functiona l connectiv ity w ith in  the cortico-striatal 
system. Specifically, in chap te r 2 I w ill test w hether regional differences in striatal 
dopamine depletion, which are characteristic o f PD, give rise to regionally specific 
changes in cortico-striatal connectivity. Furthermore, in chap te r 3 I w ill investigate 
how altered functiona l connectiv ity between specific portions o f the basal ganglia
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(i.e. the pallidum and putamen) and the cerebello-thalamic circuit can lead to resting 
tremor. In chap te r 5, I w ill elaborate on the implications o f these findings.
Second, I w ill focus on the neural mechanisms underlying altered voluntary action 
planning in PD, using m otor imagery as an experimental tool. In chap te r 4 I will 
investigate w hether three groups o f PD patients w ith  predom inant resting tremor, PD 
patients w ith o u t resting tremor, and healthy controls recruit d ifferent neural resources 
during m otor imagery. Based on these findings, I w ill propose a possible mechanism 
by which trem or (an involuntary movement) interacts w ith  imagined movements (i.e. 
vo luntary actions). In chap te r 6, I w ill focus on the neural mechanisms underlying 
m otor imagery in PD patients w ith  markedly asymmetric symptoms, comparing the 
most- w ith  the least-affected hand. I w ill investigate how several aspects o f m otor 
imagery are altered in PD, such as effects induced by stimulus angle, the biomechanical 
com plexity o f the imagined movement, and the influence o f the patients' own body 
posture.
Third, I w ill focus on a specific feature o f vo luntary action planning that also plays 
an im portan t role in the cognitive domain, i.e. the flex ib ility  to switch between task 
sets. In chap te r 7, I w ill investigate the cerebral mechanisms involved in switching 
between m otor representations in PD. To do this, I w ill use the same w ith in-patients 
contrast between most- and least-affected hands as in the previous chapter, but an 
adapted version o f the m otor imagery paradigm (Figure 3C). In c hap te r 8, I will 
investigate the behavioural and dopaminergic correlates o f cognitive switching in PD. 
Specifically, I w ill test w hether m otivational control, which relies on the (less-affected) 
ventral striatum, can interact w ith  cognitive control, which relies on the (severely 
affected) dorsal striatum. Based on the findings, I w ill propose a new mechanism 
through which PD patients can use reward anticipation to  ameliorate cognitive 
rigidity. Finally, in chap te r 9 I w ill provide a su m m a ry  and g enera l in te rp re ta t io n  of 
my findings, and I w ill sketch several fu ture perspectives.
Introduction | 25

Spatial remapping of cortico-striatal 
connectivity in Parkinson's disease
Abstract
Parkinson's disease (PD) is characterized by striatal dopamine depletion, especially in 
the posterior putamen. The dense connectiv ity profile o f the striatum  suggests that 
these local impairments may propagate th roughou t the w hole cortico-striatal 
network. Here we test the effect o f striatal dopamine depletion on cortico-striatal 
netw ork properties by comparing the functional connectiv ity profile o f the posterior 
putamen, the anterior putamen, and the caudate nucleus between 41 PD patients 
and 36 matched controls. We used m ultip le regression analyses o f resting state fMRI 
data to quantify functional connectiv ity across d ifferent networks. Each region had a 
distinct connectiv ity profile that was similarly expressed in patients and controls: the 
posterior putamen was uniquely coupled to cortical m otor areas, the anterior putamen 
to the pre-SMA and anterior cingulate cortex, and the caudate nucleus to the dorsal 
prefrontal cortex. Differences between groups were specific to the putamen: while 
PD patients showed decreased coupling between the posterior putamen and the 
inferior parietal cortex, this region showed increased functiona l connectiv ity w ith  the 
anterior putamen. We conclude that dopamine depletion in PD leads to a remapping 
o f cerebral connectivity that reduces the spatial segregation between different cortico- 
striatal loops. These alterations o f network properties may underlie abnormal sensori­
m otor integration in PD.
Published as:
Helmich RC, Derikx LC, Bakker M, Scheeringa R, Bloem BR, Toni I (2010) Spatial remapping o f 
cortico-striatal connectiv ity in Parkinson's disease. Cereb Cortex 20: 1175-1186.
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Introduction
Parkinson's disease (PD) is characterized by a degeneration o f dopaminergic cells in 
the midbrain (Braak et al., 2003), which leads to dopamine depletion in the striatum 
(Brooks and Piccini, 2006). This neurochemical alteration impairs neuronal processing 
in the basal ganglia (Rivlin-Etzion et al., 2006), which propagates, through the dense 
cortico-striatal connections (Houk and Wise, 1995), to  altered activ ity  in other brain 
regions (van Eimeren and Siebner, 2006). This indicates that taking a netw ork 
perspective on PD is fundam ental for understanding the pathophysiology o f this 
disease (He et al., 2007).
Previous neuroimaging studies in PD have described patterns o f spatial covariance 
between d ifferent brain regions during performance o f a task (Monchi et al., 2004), as 
well as steady-state differences in brain activ ity  during rest (Eckert et al., 2007). These 
patterns o f co-activations m ight suggest the presence o f a functional circuit (Postuma 
and Dagher, 2006), but networks are better defined on the basis o f the structure of 
temporal interactions between regions [functional connectivity; (He et al. 2007)]. 
Accordingly, electrophysiological studies have used this approach to describe altered 
connectiv ity patterns in PD (Stoffers et al., 2008;Williams et al., 2002), but these 
methods have very lim ited spatial coverage and are m ostly blind to subcortical 
structures. Previous fMRI studies have focused on altered connectiv ity related to 
performance o f a specific task (Rowe et al., 2002;Helmich et al., 2009), but this approach 
confines the findings to a particular cognitive process. In contrast, here we study the 
temporal coupling between intrinsic blood oxygen level dependent (BOLD) 
fluctuations over the w hole brain, testing w hether striatal dysfunction in PD alters 
functional connectiv ity both w ith in  and between different cortico-striatal circuits.
Using intrinsic BOLD fluctuations to study functional connectiv ity o f the human 
brain is a relatively novel experimental approach, supported by empirical evidence 
detailing the specific spatial and temporal structure o f these fluctuations (Biswal et 
al., 1995;Damoiseaux et al., 2006;Fox and Raichle, 2007). These intrinsic fluctuations 
engage specific cerebral assemblies on a tim e scale o f several seconds (Biswal et al., 
1995), and they are though t to reflect the hemodynam ic consequences o f slow 
variations in transient neuronal dynamics that propagate through anatomically 
connected networks (Ghosh et al., 2008;He et al., 2008;Honey et al., 2007;Honey et al., 
2009). The huge m etabolic load o f these intrinsic fluctuations suggests they are 
functiona lly  relevant (Fox and Raichle, 2007), possibly by normalizing or consolidating 
synaptic weights w ith in  a cerebral netw ork (Balduzzi et al., 2008;Pinsk and Kastner, 
2007). In addition, it has been shown that alterations in these intrinsic fluctuations can 
be used as a marker o f netw ork dysfunction (Greicius et al., 2004;Li et al., 2002;Sheline 
et al., 2009).
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Here we compare intrinsic fluctuations measured in PD patients and healthy 
controls, focusing on three distinct cortico-striatal loops involving the posterior 
putamen, the anterior putamen, and the caudate nucleus. This parcellation rests on 
tw o  facts. First, these cortico-striatal loops have been clearly described in macaques 
(Alexander et al., 1986), and they have recently been confirmed in healthy humans 
using both diffusion tensor imaging (Draganski et al., 2008;Lehericy et al., 2004b) and 
resting state fMRI (Di M artino et al., 2008;Kelly et al., 2009;Zhang et al., 2008). In 
macaques, these loops remain largely segregated in terms o f functional processing 
and anatomical connectiv ity (Alexander et al., 1986;Hoover and Strick, 1993). For 
example, whereas the head o f the caudate receives massive projections from  the 
prefrontal cortex, the posterior putamen connects to the primary m otor cortex and 
the supplementary m otor area (SMA) (Alexander et al., 1986). Second, these loops 
respect the regionally specific pattern o f dopamine depletion observed in PD. That is, 
w hile  the posterior putamen is heavily depleted o f dopamine, the anterior putamen 
and the caudate nucleus are relatively spared (Guttman et al., 1997;Kish et al., 
1988;Nurmi et al., 2001;Bruck et al., 2006). Accordingly, we test the hypothesis tha t PD 
patients show altered cortico-striatal connectivity, and that this alteration fo llow s the 
specific spatial pattern o f dopamine depletion occurring in this disease. This implies 
tha t functional connectiv ity w ith in  the cortico-striatal loop passing through the 
posterior putamen should decrease, whereas connectiv ity w ith  the anterior putamen 
and the caudate nucleus should remain relatively intact. Furthermore, given that 
dopamine depletion m ight cause pathological (increased) interactions between 
d ifferent cortico-striatal loops (Bergman et al., 1998a;Filion et al., 1988;Pessiglione et 
al., 2005a), we test w hether striatal dysfunction in PD leads to altered interactions 
between d ifferent cortico-striatal loops. We test these hypotheses by measuring the 
coupling between intrinsic BOLD fluctuations in d ifferent striatal subregions and 
those in the rest o f the brain [also known as resting-state fMRI; (Biswal et al., 
1995;Damoiseaux et al., 2006;Fox and Raichle, 2007)], comparing cortico-striatal 
connectiv ity patterns in PD patients w ith  those in matched healthy controls.
Materials and methods
Subjects
Patients: Forty-one right-handed PD patients (24 men, aged 57 ± 2 years) participated 
after having given w ritten  informed consent according to institu tional guidelines o f 
the local ethics com m ittee (CMO region Arnhem -Nijmegen, The Netherlands). Patients 
were included when they had id iopathic Parkinson's disease, diagnosed according to 
the UK Brain Bank criteria by an experienced m ovem ent disorders specialist (BRB). 
Exclusion criteria were: moderate-severe head tremor, cognitive dysfunction (Mini
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Mental State Examination < 24 or frontal executive problems), other neurological 
diseases (such as severe head trauma or stroke), and general exclusion criteria for MRI 
scanning (such as claustrophobia, pace-maker, and implanted metal parts). Ten 
patients had never used any anti-Parkinson medication; the others used dopaminergic 
medication (levodopa and dopamine-agonists). The experiments were carried ou t in 
the morning, at least 12 hours after the last dose o f dopaminergic medication [in a 
practically defined off-cond ition (Langston et al., 1992)]. Each patient's disease severity 
was assessed using the Hoehn & Yahr stages and the Unified Parkinson's Disease 
Rating Scale (UPDRS). Patients were at a relatively early stage in the course o f their 
disease (disease duration o f 6.0 ± 0.6 years; average ± SEM; defined as the tim e since 
the patient subjectively noticed his first symptoms). Average disease severity (total 
score on the UPDRS) was 28.3 ± 1.5 points (maximum score is 108 points). The average 
disease stage, using the H&Y score, was 2.1 ± 0.1 (maximum stage is 5). The median 
Hoehn & Yahr (H&Y) stage was 2, which refers to "bilateral disease, w ith o u t im pairment 
o f balance". Patients had no frontal executive dysfunction (average score on the 
Frontal Assessment Battery: 16.7 ± 0.2 points; m aximum score is 18 points) (Dubois et 
al., 2000).
Healthy subjects: Thirty-six healthy right-handed control subjects (18 men, aged 57 
± 1 years) participated in this study. Age and gender were equally distributed across 
the patient and control groups (age: t(75) = -0.10; p=0.92, independent-samples t-test; 
gender: Chi-Square = 0.56; p=0.45).
Im age acquisition
Functional images were acquired on a Siemens TRIO 3 T MRI system (Siemens, 
Erlangen, Germany) equipped w ith  echo planar imaging (EPI) capabilities, using an 
eight-channel head coil fo r radio frequency transmission and signal reception. 
Subjects were instructed to lie still w ith  the ir eyes closed, and to avoid falling asleep. 
Imm ediately after the end o f the scan, subjects were asked w hether or not they 
managed to  stay awake. None o f the subjects reported to have fallen asleep. Blood 
oxygenation level-dependent (BOLD) sensitive functiona l images were acquired using 
a single shot gradient EPI-sequence [TE/TR = 30/1450 ms; 21 axial slices, voxel size = 
3.5 x 3.5 x 5.0 mm; inter-slice gap = 1.5 mm; field o f view (FOV) = 224 mm; scanning 
tim e ~6 minutes, 265 images]. H igh-resolution anatomical images were acquired 
using a magnetization prepared rapid acquisition gradient echo (MP RAGE) sequence 
(TE/TR = 2.92/2300 ms; voxel size = 1.0 x 1.0 x 1.0 mm, 192 sagittal slices; FOV = 256 
mm; scanning tim e ~5 minutes).
Preprocessing o f im aging data
All data were pre-processed and analyzed w ith  SPM5 (Statistical Parametric Mapping, 
www.fil.ion.ucl.ac.uk/spm). First, functional EPI images were spatially realigned using
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a least squares approach and a 6 parameter (rigid body) spatial transform ation (Friston 
et al., 1995). Subsequently, the time-series for each voxel was realigned tem porally to 
acquisition o f the first slice. Images were normalized to a standard EPI template 
centered in MNI space (Ashburner and Friston, 1997) and resampled at an isotropic 
voxel size o f 2 mm. The normalized images were smoothed w ith  an isotropic 8 mm 
fu ll-w id th-at-ha lf-m axim um  (FWHM) Gaussian kernel. Images were low-pass filtered 
using a 5th order B utterw orth  filte r to  retain frequencies below 0.1 Hz, because the 
correlations between intrinsic fluctuations are specific to this frequency range (Biswal 
et al., 1995;Fox and Raichle, 2007). Anatomical images were spatially co-registered 
to  the mean o f the functiona l images (Ashburner and Friston, 1997) and spatially 
normalized by using the same transformation matrix applied to the functional images.
Striatal seed regions
To define our striatal seed regions, each subject's normalized anatomical MRI scan 
was segmented into the le ft and right caudate nuclei and putamen, using an 
automated subcortical segm entation too l implemented in FSL (FIRST v1.1 ; w w w .fm rib . 
ox.ac.uk/fsl; (Patenaude, 2007)). This procedure, as distinct from  the use o f segmented 
structures from  a single subject (Zhang et al., 2008) or from  an anatomical atlas 
(Tzourio-Mazoyer et al., 2002), accounts for inter-individual differences in subcortical 
anatomy, thus increasing the reliability and sensitivity o f our analyses. We separated 
the putamen into a posterior and an anterior part, to account fo r the well-know n 
functiona l differences between these regions (Lehericy et al., 2005;Jueptner et al.,
1997), and to account for the uneven am ount o f dopamine depletion between these 
regions in PD, which is m ost severe in the posterior putamen (Guttman et al., 1997;Kish 
et al., 1988;Nurmi et al., 2001;Bruck et al., 2006). The border between these tw o  regions 
was defined as the line passing through the anterior commissure, in correspondence 
w ith  previous neuroimaging w ork [positron emission tom ography (PET), fMRI: 
(Postuma and Dagher, 2006;Lehericy et al., 2006); diffusion tensor imaging (DTI): 
(Lehericy et al., 2004a); dopamine transporter imaging: (Martinez et al., 2003)]. To avoid 
partial volum e effects (i.e. averaging o f signals from  tw o  functional compartm ents 
into one voxel), we left a gap o f 3 mm between the posterior (y < -1; 32% ± 1% of total 
volume) and anterior (y > +1; 68.2 % ± 1% o f total volume) subdivisions o f the putamen. 
Voxels in this gap were excluded. The caudate nucleus was also subdivided into tw o  
parts according to  the same anatomical rule. Given the small volum e o f the posterior 
part (8.1% ± 0.3%), and because the close proxim ity o f the posterior caudate (tail) to 
the ventricles may contam inate the caudate tim e course w ith  signal from  the 
cerebrospinal flu id (CSF), we included only the anterior part (91.8% ± 0.3% o f the total 
caudate volume) in the analyses. Last, we used the normalized (but unsmoothed) 
fMRI tim e series to calculate the mean tim e course o f each seed region. This was done 
by averaging across all voxels over the le ft and right hemispheres, using MarsBaR
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[http://marsbar.sourceforge.net; (Brett et al., 2002)]. This resulted in three BOLD tim e 
courses representing three striatal seed regions: posterior putamen, anterior putamen, 
and anterior caudate nucleus (see Fig. 1 A-B).
Control seed region
In addition to the three striatal seed regions m entioned above, we also added a fourth  
region: the bilateral posterior cingulate cortex (PCC; see Fig. 1 C-D). This was done to 
test w hether differences in functiona l connectiv ity would be specific to the cortico- 
striatal circuitry, or w hether they w ould generalize to other (non-striatal) circuits. We 
selected the PCC, because the netw ork involving this region (also known as the 
default mode network; DMN) has been w idely described in recent years [(Greicius et 
al., 2003;Raichle et al., 2001)], and it does not involve the basal ganglia. Thus, we 
predicted tha t group differences should be present for the three striatal seed regions, 
but not for the PCC. We identified the PCC by overlapping the respective template 
from  the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) 
w ith  subject-specific segmented grey m atter maps, to ensure m inimal spatial overlap 
between the template and CSF or w hite  matter. The PCC tim e course was calculated 
by averaging across all voxels w ith in  the seed region.
Stria ta l seed reg ions Posterior C ingulate
Figure 1 Seed regions
There were four seed regions: posterior putamen (in red), anterior putamen (in yellow), 
caudate nucleus (in blue) and posterior cingulate cortex (in pink). The three striatal seed 
regions were individually defined for each subject on the basis o f their structural MRI scans 
(panel A shows a transverse slice through the striatal region o f a representative subject, with 
the seed regions in their respective colors). The posterior cingulate cortex (PCC) was 
individually defined for each subject on the basis o f the spatial overlap between the PCC 
AAL-template (Tzourio-Mazoyer et al., 2002) and the subject's segmented grey matter (panel 
C shows a transverse slice through the PCC region o f a representative subject). Each seed 
region was then used to  average the BOLD signal from the corresponding volume o f each 
image o f the fMRI time series (panel B and D show the striatal seed regions and the PCC 
overlaid on the average EPI scan o f a representative subject).
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Nuisance and trem o r-re la ted  signals
First, to remove non-neuronal fluctuations from the data, we added to our model tw o 
time-courses describing the average signal intensity in the bilateral lateral ventricles 
(CSF; defined using FSL FIRST v1.1, Oxford, UK) and in a blank portion o f the MR images 
(Out o f Brain signal, OOB). Second, although average head movements were generally 
small (on average ~1 mm for both groups), PD patients moved slightly more than healthy 
controls (see Suppl. Material). Thus, to optimally control for the motion effects, we added 
36 motion parameters to our model: the linear, quadratic and cubic effects o f the 6 
parameters describing the motion o f each volume, as well as the first derivative o f those 
effects (to control for spin-history effects). Previous work has proven the effectiveness o f 
this procedure for removing motion-related artifacts from fMRI data (Lund et al., 2005).
Third, a concern that arises when measuring resting state fMRI in PD patients is 
tha t (motorically) these patients may not be at rest. Specifically, the parkinsonian 
trem or could alter functional connectiv ity w ith in  the m otor system and thereby 
provide a trivial source o f differences between PD patients and control subjects. To 
control for this factor, muscle activ ity  in the most-affected arm (sampled w ith  electro­
myography; EMG) was measured during MR-scanning in all 41 PD patients and in a 
subgroup o f 23 ou t o f 36 controls. We used this signal to  remove -  through m ultip le 
regression -  tremor-related variance from  the data (see Suppl. Material).
Statistical analyses
For each subject a m ultip le regression analysis at the first-level was performed (using 
the general linear model im plem ented in SPM5), including the time-courses o f the 
three striatal seed regions and the PCC, the 38 nuisance regressors and three 
tremor-related EMG regressors in the PD group. All regressors were band-pass filtered 
between 0.008 and 0.l Hz. before inclusion into the model. Functional scans were 
high-pass filtered (period > 128 s.) to remove low  frequency (< 0.008 Hz.) confounds 
such as scanner drifts. Thus, the same frequencies (between 0.008 -  0.1 Hz) were 
retained in both the functional scans and in the regressors. Parameter estimates (beta 
values) for all regressors were obtained by m axim um -likelihood estimation, modeling 
temporal autocorrelation as an AR(1) process. For each seed region, the parameter 
estimate (for a specific subject, in a specific voxel) reflects the influence o f the seed 
region's tim e-course on the tim e-course o f that voxel, while controlling for the 
contribution o f all the other regressors in the model [i.e. the o ther tw o  striatal seed 
regions, the PCC, the tremor-related regressors and the nuisance regressors; (Friston 
KJ., 2007)]. In other words, the variance that was shared between seed regions (for 
example, global signal fluctuations o f no interest) was not assigned to any o f the 
regressors, increasing the specificity o f our findings. Importantly, this procedure also 
avoids the in troduction o f artificial negative correlations that may result from  removal 
o f the global signal (Murphy et al., 2009).
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Group-level analyses were carried ou t using a random-effects model implemented 
in SPM5. For each group, we entered the beta images o f the 3 striatal seed regions 
and the PCC into a 2 x 4 repeated-measures ANOVA (full factorial design) w ith  factors 
GROUP (patients vs. controls) and REGION (posterior putamen; anterior putamen; 
anterior caudate; PCC). For each o f the four regions, we investigated both common 
functional connectiv ity [i.e. using conjunction analyses; (Nichols et al., 2005)] and 
differential functional connectiv ity (i.e. PD vs. controls). Corrections fo r m ultip le 
comparisons were carried ou t at the voxel level using false discovery rate [FDR; 
(Genovese et al., 2002). The statistical threshold was set to p<0.001 FDR-corrected, to 
control for the num ber o f contrasts (16 in total) that we used. A cluster-extent threshold 
o f 50 voxels was applied to all comparisons.
Last, we tested fo r a relationship between disease severity and altered connectiv ity 
by correlating individual connectiv ity measures (beta values extracted from  the 
inferior parietal cortex; IPC; MNI coordinates [56 -20 28]) w ith  measures o f disease 
severity (total UPDRS score and w ith  the disease duration).
S u pp lem entary  Analyses
We performed four post-hoc control analyses to fu rthe r characterize the differential 
connectiv ity between groups (all described in the Suppl. Material). First, we 
investigated w hether the shift in connectiv ity we observed for the IPC (see Results, 
Fig. 3) m ight be caused by a shift in the functional border between posterior and 
anterior putamen in the PD group. For instance, if PD would lead to a functional 
enlargem ent o f the posterior putamen -  shifting the border rostrally as compared to 
the controls -  then this m ight cause the apparent shift from  posterior to anterior 
putamen connectiv ity we observed. To test this, we re-defined the borders o f the 
striatal seed regions -  moving it 5 mm in either the posterior or the anterior direction
-  and we repeated the same analyses as described above. Second, we tested w hether 
the altered connectiv ity in PD was d ifferent for the least- and most-affected striatum. 
Thus, we used a model w ith  both left- and right-lateralized time-courses for the three 
striatal seed regions, and directly compared cortico-striatal connectiv ity o f the left 
and right striatum across groups. Third, we wanted to  rule ou t that group differences 
were caused by tremor. Thus, we compared the size o f the effect (depicted in Fig. 3) 
between 13 PD patients w ith o u t any trem or (resting trem or score o f 0 on the UPDRS, 
and no tremor-related EMG activ ity  during scanning) and 18 PD patients w ith  
moderate to severe trem or (resting trem or score o f > 2 on the UPDRS, and 
tremor-related EMG activ ity  during scanning). In addition, we evaluated the spatial 
d istribution o f tremor-related brain activ ity (i.e. brain regions where activ ity 
co-fluctuated trem or amplitude) and compared it to the spatial d istribution o f regions 
showing differential connectiv ity across groups. Fourth, to rule ou t that group 
differences were caused by residual effects o f dopaminergic medication (although all
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PD patients were tested off-medication), we compared the size o f the effect (depicted 
in Fig. 3) between 10 un-medicated PD patients and 31 medicated PD patients.
Functional characteristics o f th e  seed regions
Given the severe and uneven striatal dopamine depletion in PD, one m ight expect 
differences in the functiona l characteristics o f the striatal seed regions, as well as the 
relationship between the d ifferent seed regions. Thus, we computed the fo llow ing 
functiona l properties o f the four seed regions, and compared them  across groups (all 
described in the Suppl. Material). First, fo r each seed region we calculated the average 
BOLD signal and its variance (coefficient o f variation). Second, we computed the 
correlation matrix for the four d ifferent seed regions, as well as its condition number 
(square root o f the ratio o f the largest to  smallest eigenvalue), in order to estimate the 
global stability o f the regression coefficients. Third, to estimate the frequency charac­
teristics o f the intrinsic fluctuations w ith  the four seed regions, we calculated the 
power spectra o f the tim e-course o f each region and compared these across groups.
Anatom ical characteristics o f th e  PD patients and control subjects
We considered the possibility that between-groups anatomical differences could give 
rise to spurious differences in functiona l connectivity. Thus, we performed the 
fo llow ing  anatomical analyses to  rule this ou t (as described in the Suppl. Material). 
First, we compared the volumes o f each striatal seed region (in native anatomical 
space) between the tw o  groups. Second, we considered w hether the shift in cortico- 
striatal connectiv ity from  posterior to anterior putamen that we observed in PD (see 
Results) could be caused by a caudal-to-rostral shift in the anatomical position o f the 
putamen in the PD group. Thus, for each subjects we computed the anatomical 
borders (i.e. the most posterior and anterior y-coordinates, in MNI space) o f each 
striatal seed region, and we compared these y-coordinates across groups. Third, we 
tested w hether the altered connectiv ity patterns we observed m ight be caused by 
differences in cortical gray m atter volum e across groups. Thus, we performed a 
voxel-based m orphom etry (VBM) analysis on segmented and normalized gray m atter 
images o f all subjects, and we compared the distributions o f gray m atter probabilities 
between groups (Ashburner, 2007).
Anatom ical inference
Anatomical details o f cerebral regions w ith  significant changes in functional 
connectiv ity were obtained by superimposing the SPMs onto a structural image. 
The atlas o f (Duvernoy et al., 1991) was used to identify relevant anatomical land­
marks. The Anatom y Toolbox (Eickhoff et al., 2005) was used for regions where cyto- 
architectonic maps were available.
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Results
C ortico-stria tal co n nectiv ity  shared b etw een  groups
We searched for brain regions w ith  comparable strength o f cortico-striatal couplings 
in both PD patients and healthy controls. The spatial d istribution o f these brain regions 
fo llow ed the anatom y o f cortico-striatal loops (Alexander et al., 1986), in line w ith  
previous resting-state fMRI studies (Di M artino et al., 2008;Kelly et al., 2009;Zhang et 
al., 2008) and a meta-analysis o f cortical and striatal co-activation patterns (Postuma 
and Dagher, 2006).
Posterior Putamen: The posterior putamen was functiona lly  connected to large 
parts o f the cortical m otor system, including the bilateral primary m otor cortex (M1; 
Brodmann Area (BA) 4), primary somatosensory cortex (BA 3), supplementary m otor 
area (SMA; BA 6), dorsal prem otor cortex (PMd; BA 6), ventral prem otor cortex (PMv; BA 
6 and 44), cerebellum (cortex and vermis) and inferior parietal cortex (see Table 1; Fig.
2 A). There were also regions outside the core m otor system showing functional 
connectiv ity w ith  the posterior putamen, i.e. the bilateral dorsolateral prefrontal 
cortex, the extra-striate visual cortex, and the caudal superior temporal gyrus (Table 1; 
Fig. 2A). This pattern o f functional connectiv ity is consistent w ith  the anatomical 
connectiv ity o f the posterior putamen, as shown in macaques [visual cortex, (Yeterian 
and Pandya, 1997); temporal cortex, (Yeterian and Pandya, 1998)] and w ith  cerebral 
co-activation patterns in humans [prefrontal cortex, (Menon et al., 2000)].
Anterior Putamen: The anterior putamen was functiona lly  connected to the 
pre-SMA, anterior cingulate cortex (ACC), subthalamic region and bilateral middle 
frontal gyrus (BA 9). There was also significant functional connectiv ity w ith  the left 
rostral part o f the middle temporal gyrus and w ith  the middle cingulate cortex (see 
Table 1; Fig. 2 B).
Anterior caudate: In both groups, the anterior caudate was functiona lly  coupled to 
large parts o f the prefrontal cortex, more specifically the bilateral dorsomedial (BA 8 
and 9) and dorsolateral prefrontal cortex (BA 9, 10, and 46), inferior temporal gyrus, 
inferior parietal cortex (all bilaterally) and the le ft hippocampus. There was also 
significant functional connectiv ity w ith  the cerebellar cortex (see Table 1; Fig. 2 C).
Posterior Cingulate: As repeatedly described (Greicius et al., 2003), the PCC was 
functiona lly  connected to d ifferent parts o f the so-called default mode netw ork 
(DMN): the ventrom edial-prefrontal cortex, angular gyrus, in both le ft and right 
hemispheres. There was also significant functional connectiv ity w ith  the cerebellar 
tonsils and the inferior temporal gyrus (bilaterally), as well as the left hippocampus 
(see Table 2; Fig. 2 D).
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T ab le  1 Common cortico-striatal connectivity across groups
Local maxima (in MNI coordinates) o f regions showing significant (p<0.001, FDR-corrected 
for m ultip le comparisons) coupling w ith  the posterior putamen, anterior putamen and 
caudate nucleus in both patients and controls [conjunction analysis (Nichols et al., 2005)]. 
BA: Brodmann area; L: left, R: right; B: bilateral.
Region BA hemisphere x y z t-value
posterior putamen
precentral gyrus 6 L -24 -24 60 8.26
R 26 -24 56 8.09
4 L -30 -20 52 7.05
R 32 -20 50 6.84
precentral gyrus (SMA) 6 B -2 -18 60 5.32
postcentral gyrus 3 R 28 -24 48 6.52
inferior frontal gyrus 44 L -36 2 26 6.31
R 36 6 28 5.02
middle frontal gyrus 10 L -44 48 14 4.99
R 38 58 12 4.94
cerebellum - vermis B 0 50 -18 8.10
cerebellum - cortex L -8 -50 -18 7.92
R 10 -48 -20 7.72
inferior parietal cortex 40 L -52 -46 46 4.90
R 42 -46 46 4.48
superior temporal gyrus 22 L -52 -40 14 4.37
middle occipital gyrus 19 R 36 -76 22 4.31
Insula R 48 8 6 5.39
L -34 -30 27 4.76
mesencephalon L -8 -20 -12 5.47
R 8 -20 -12 4.48
anterior putamen
anterior cingulate cortex 32 B 10 22 32 7.79
subthalamic region R 8 -14 0 6.67
L -4 -12 0 5.40
precentral gyrus (pre-SMA) 6 B 10 8 50 5.33
middle frontal gyrus 9 L -30 38 30 5.07
R 32 42 24 4.61
middle temporal gyrus 21 L -48 -4 -22 4.98
middle cingulate cortex 23 R 10 -28 38 4.38
mesencephalon R 12 -22 -14 5.13
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T ab le  1 Continued
Region BA hemisphere x y z t-value
caudate nucleus
dorsomedial frontal cortex 6 B -12 16 60 8.89
8 B -8 28 58 8.06
9 B -14 44 28 7.99
dorsolateral frontal cortex 9 /  46 R 36 20 50 7.86
L -28 20 42 7.49
inferior parietal cortex 40 L -48 -52 42 4.99
R 44 -64 48 4.88
parahippocampal gyrus L -30 -26 -6 4.80
Inferior temporal gyrus 20 /  21 L -62 -26 -18 6.37
R 64 -26 -24 4.94
cerebellum - cortex R 30 -64 -36 6.44
L -28 -82 -32 4.49
D iffe ren tia l cortico-striatal co n nectiv ity  across groups
We compared the connectiv ity maps o f each o f the four seed regions between 
groups. There were striking differences in the connectiv ity pattern o f the posterior 
putamen: in PD patients, functional connectiv ity was reduced between the posterior 
putamen and the cingulate m otor area (CMA, ventral to BA 6), the bilateral postcentral 
gyrus (primary somatosensory cortex; BA 1, 2 and 3b), the parietal operculum 
[secondary somatosensory cortex; (Eickhoff et al., 2006)] and the supramarginal gyrus 
[rostral part o f the inferior parietal cortex, IPC; BA 40; (Caspers et al., 2006)]. These 
clusters did not extend into the lateral prem otor cortex (Fig. 3). Smaller clusters in the 
precentral gyrus (BA 4), the middle frontal gyrus, temporal operculum, superior 
temporal gyrus, insula and fusiform  gyrus also showed reduced functiona l connectiv ity 
w ith  the posterior putamen in the PD group (Table 3). There were no regions w ith  
enhanced functional coupling to  the posterior putamen in PD patients.
The anterior putamen showed the opposite pattern. In the PD group, this structure 
had enhanced functiona l connectiv ity w ith  the bilateral parietal operculum (secondary 
somatosensory cortex) and supramarginal gyrus (rostral IPC, BA 40; Table 3, Fig. 3), as 
well as smaller clusters in the insula and inferior temporal gyrus. At a lower threshold 
(p<0.01 FDR-corrected), also the primary somatosensory cortex and the CMA were 
seen. There was no reduced functional connectiv ity w ith  the anterior putamen in the 
PD group. These findings suggest a shift in cortico-striatal connections in PD, away 
from  the (neurochemically most-affected) posterior putamen and towards the 
(relatively spared) anterior putamen.
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A Posterior Putamen
B Anterior Putamen
C Caudate Nucleus
D Posterior Cingulate
X = -4 Z = -4
Figure 2 Similar cortico-striatal connectivity across groups
The images represent SPM t-maps o f comparable functional connectivity across groups 
(conjunction analysis), thresholded at p<0.001 FDR-corrected for multiple comparisons, 
overlaid on anatomical images from a representative subject o f the MNI series. The images 
are relative to  connectivity w ith the posterior putamen (A), the anterior putamen (B), the 
caudate nucleus (C) and the posterior cingulate cortex (D).
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T ab le  2 Common connectivity with the posterior cingulate cortex across groups
Local maxima (in MNI coordinates) o f regions showing significant (p<0.001, FDR-corrected 
for m ultip le comparisons) coupling w ith  the posterior cingulate cortex in both patients 
and controls [conjunction analysis (Nichols et al., 2005)]. BA: Brodmann area; L: left, R: right; 
B: bilateral.
posterior cingulate cortex
Region BA hemisphere x y z t-value
ventromedial frontal cortex 32 B 0 52 -8 7.61
parahippocampal gyrus L -26 -32 -12 3.94
angular gyrus 39 L -42 -66 34 9.74
R 46 -58 28 8.06
inferior temporal gyrus 20 L -58 -12 -28 6.85
R 60 -6 -30 5.13
cerebellum - tonsils R 6 -54 -44 5.22
L -6 -56 -46 4.95
A conjunction analysis o f the tw o  between-groups differences described above 
(posterior putamen: controls>PD; anterior putamen: PD>controls) revealed a 
dissociation for a region in rostroventral part o f the right IPC ([56 -20 28], t-value =5.79, 
p=0.001 FDR-corrected). More specifically, this subregion o f the IPC could be assigned 
to the opercular part o f Von Economo's parietal area F [PFop, local maximum and 58% 
o f the cluster assigned to this area; (Caspers et al., 2006)], which is found between the 
rostral operculum and the free IPC surface. In controls, this structure was coupled to 
the posterior putamen (but not the anterior putamen), whereas in PD patients this 
structure was coupled to the anterior putamen (but not the posterior putamen; 
Fig. 3). On an individual basis, there was a trade-o ff between connections strengths of 
the posterior and the anterior putamen, such that subjects w ith  higher posterior 
putamen connectiv ity had lower connectiv ity strengths w ith  the anterior putamen. 
This effect was seen for both groups (controls: R = -0.54, p=0.001; PD: R = -0.48, 
p=0.002; Fig. 3F), but PD patients showed a clear bias fo r enhanced anterior putamen 
connections. There were no differences in PCC connectiv ity across groups, even when 
lowering the threshold to p<0.05 FDR-corrected. This result highlights the anatomical 
specificity o f our findings. Similarly, there were no differences in caudate connectiv ity 
across groups, although we observed increased connectiv ity between the caudate 
and the dorsomedial prefrontal cortex in the PD group (MNI coordinates [4 52 26], 
t=5.07, p=0.023 FDR-corrected), when lowering the statistical threshold to  p<0.05 
FDR-corrected.
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□  Posterior Putamen (PP): Controls > PD □  Anterior Putamen (AP): PD > Controls
F igure 3 Differential cortico-striatal connectivity across groups
Panels A-D show the spatial distribution o f differential connectivity across groups. In 
light blue, SPM t-m ap o f decreased functional connectiv ity w ith  the posterior putamen 
(PP) in the PD group (controls > PD). In orange, SPM t-map o f enhanced functional 
connectivity w ith  the anterior putamen (AP) in the PD group (PD > controls). These maps 
are rendered onto the dorsal (panel B) or lateral (panel C) surface o f the brain, and shown 
overlaid onto a coronal (panel A) or axial section (panel D) o f the brain. Panel E shows the 
connectivity strength between the four seed regions (on the y-axis -  see Fig. 1) and the 
right inferior parietal cortex (IPC; local maximum shown in panel D), separately for 
controls (white bars) and PD patients (black bars). The y-axis indicates the beta values o f 
a m ultip le regression analysis, averaged across subjects, i.e. the unique contribution o f 
each seed region's BOLD tim e series to  the BOLD tim e series o f the right IPC. Panel F 
shows the relationship between coupling o f the IPC (panel E) w ith  the posterior putamen 
(x-axis) and the anterior putamen (y-axis) across subjects. PD patients (red dots, one dot 
represents one subject) showed a consistent bias towards stronger functional 
connectivity between the IPC and the anterior putamen than the healthy controls (blue 
dots). The SPM t-contrasts (all thresholded at p<0.001 FDR-corrected for multip le 
comparisons) are overlaid on the anatomical image o f a representative subject from  the 
MNI series. Abbreviations: PP = posterior putamen; AP = anterior putamen; CN = caudate 
nucleus; PCC = posterior cingulate cortex.
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T ab le  3 Differential cortico-striatal connectivity across groups
Local maxima (in MNI coordinates) o f regions showing significantly larger couplings w ith 
the posterior putamen for healthy controls than for PD patients (upper part), and regions 
showing significantly larger couplings w ith  the anterior putamen for patients than 
healthy controls (lower part). Depicted regions passed the statistical threshold o f p<0.001, 
FDR-corrected for m ultip le comparisons. BA: Brodmann area; L: left, R: right.
Region BA hemisphere x y z t-value
posterior putamen: controls > patients
postcentral gyrus 1 R 56 -12 38 5.31
2 L -58 -16 26 5.57
R 12 -46 62 4.83
3b L -56 -6 30 4.54
R 34 -40 60 4.93
precentral gyrus 4 R 50 -2 30 4.55
L -54 -6 34 4.43
middle frontal gyrus 6 R 52 -6 56 5.15
middle cingulate cortex 24 /  6 R 12 -12 46 5.44
L -4 -12 46 4.57
inferior parietal cortex /  parietal 
operculum
40 R 58 -18 26 5.87
temporal operculum 22 R 62 -4 4 6.19
L -62 -6 -4 5.91
superior temporal gyrus 22 L -58 -44 14 4.87
insula R 34 18 0 5.16
fusiform gyrus L -34 -58 -20 4.93
anterior putamen: patients > controls
inferior parietal cortex /  parietal 
operculum
40 R 56 -24 30 6.74
L -48 -30 28 5.59
insula R 36 16 0 5.3
inferior temporal gyrus 20 L -46 -50 -18 5.44
We also searched fo r a relationship between disease severity (total UPDRS-III, 
disease duration) and the abnormal connectiv ity pattern o f the IPC (i.e. beta values 
fo r the posterior or the anterior putamen, as well as the difference between these 
beta values), but there was no significant correlation for any o f these measures 
(all R2 <0.05).
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A ltered  sensori-m otor in tegration  in PD
The results described above suggest that in PD the cortical sensorimotor system 
becomes partitioned into tw o  d ifferent cortico-striatal loops, w ith  some parts being 
connected to  the posterior putamen (e.g., the precentral gyrus; Fig. 2) and others to 
the anterior putamen (e.g. the IPC; Fig. 3). In controls, there was no such partitioning 
(i.e. precentral gyrus and IPC are both connected to the posterior putamen). To test 
w hether in PD this would lead to  diminished coupling between these tw o  d ifferent 
parts o f the cortical sensorimotor system, we assessed -  fo r each individual subject
-  the correlation between the tim e-course o f the right precentral gyrus (MNI 
coordinates [26 -24 56]) and the tim e-course o f the IPC (MNI coordinates [56 -20 28]), 
and compared the m agnitude o f the correlation coefficients across groups. This 
revealed a significantly lower cortico-cortical coupling in the PD group than in the 
controls (PD: r=0.42 ± 0.039; controls: r=0.56 ± 0.032; average correlation across 
subjects ± SEM; independent samples t-test: p=0.001), suggesting that the cortico- 
striatal remapping may also impair cortico-cortical processing.
S u pp lem entary  analyses
The results o f these analyses are described in more detail in the Suppl. Material. In 
short, we found that the shift in connectiv ity had the fo llow ing  characteristics. First, 
the shift in cortico-striatal connectiv ity for the IPC did not change when moving the 
border between posterior and anterior putamen either rostrally or caudally. This 
suggests that the effect is caused by a general increase in functiona l connectiv ity of 
the anterior putamen, which is not restricted to the border zone between posterior 
and anterior putamen. Second, we found tha t the increased connectiv ity between 
the IPC and the anterior putamen in the PD group was significantly larger fo r the 
least-affected side striatum, while  the decreased connectiv ity w ith  the posterior 
putamen was similar fo r both hemispheres. These results support the idea that the 
enhanced connectiv ity o f the anterior putamen m ight reflect functional compensation. 
Third, the shift in connectiv ity was similar across trem or-dom inant and non-trem or 
PD subgroups, and tremor-related brain activ ity  showed no spatial overlap w ith  the 
IPC. These results indicate that differences between groups are unlikely to be caused 
by tremor. Fourth, the shift in connectiv ity in the IPC was similar across medicated an 
un-medicated PD patients, w hile  both PD subgroups were d ifferent from  controls. 
This result indicates that this effect was not caused by medication.
Functional characteristics o f th e  seed regions
There were no differences between PD and controls in the amplitude, variance 
(coefficient o f variation) and frequency distributions (power spectra) o f the four seed 
regions' time-courses (Suppl. Material). However, we found that the functional 
relationship between the four d ifferent seed regions was d ifferent across groups. More
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specifically, the correlation between the tim e courses o f the posterior and anterior 
putamen was decreased in the PD group (PD: r=0.69, controls: r=0.76; p=0.018; Suppl. 
Material), while  all o ther combinations were similar across groups (p>0.36). This 
indicates that severe dopamine depletion in the posterior putamen functiona lly 
isolates this structure from  neighboring striatal regions.
A natom ical characteristics o f th e  PD patients and control subjects
The volum e and anatomical location o f the striatal seed regions, as well as cortical gray 
matter volume (VBM analysis), did not differ across groups (Suppl. Material). This 
indicates that altered functional connectivity was not caused by anatomical changes.
Discussion
The results o f this study indicate tha t PD patients have altered inter-regional couplings 
w ith in  specific cortico-striatal loops, and that these alterations fo llow  the specific 
spatial pattern o f dopamine depletion occurring in this disease. More precisely, 
whereas functional connectiv ity between the posterior putamen and the cortical 
sensorimotor system decreased, a portion o f this system (inferior parietal cortex) 
increased its coupling w ith  the anterior putamen. These connectiv ity changes had 
the fo llow ing  characteristics. First, they were spatially specific: there were no 
differences in the connectiv ity patterns o f the anterior caudate and PCC between PD 
patients and matched controls. Second, the increased functional connectiv ity was 
largest for the anterior putamen in the least-affected hemisphere, w hile  the decreased 
connectiv ity for the posterior putamen was equally present for both hemispheres. 
Third, the altered connectiv ity was not caused by tremor: there was no spatial overlap 
between regions displaying tremor-related activ ity  and regions showing the shift in 
connectivity, and PD patients w ith o u t any trem or showed the exact same pattern as 
PD patients w ith  severe tremor. Fourth, the altered connectiv ity was not caused by 
anatomical changes in the striatal seed regions, in cortical gray matter, nor by 
alterations in the frequency d istribution o f the intrinsic fluctuations.
Given that the changes in connectiv ity were observed in the context o f intrinsic 
BOLD fluctuations, they likely represent disease-related alterations o f network 
properties, rather than a collection o f locally altered responses to striatal dysfunction 
driven by a particular task. Below we will elaborate on possible mechanisms behind 
the shift in connectiv ity we observed, as well as potential behavioral consequences.
A lterations in cortico-striatal connectiv ity
PD patients had decreased connectiv ity between the posterior putamen and the 
cortex (bilateral primary and secondary somatosensory cortex, inferior parietal cortex,
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insula and CMA). Post-mortem and nuclear imaging studies have clearly shown that 
the posterior putamen suffers most from  nigro-striatal dopamine depletion (Kish et 
al., 1988;Brooks et al., 1990;Guttman et al., 1997;Nurmi et al., 2001;Bruck et al., 2006). 
Our findings suggest that this focal depletion may result in a functional disconnection 
o f the posterior putamen from  large portions o f the cerebral cortex. Disconnecting a 
dysfunctional posterior putamen from  the cortical sensorimotor netw ork m ight be 
beneficial for some behavioral functions, in particular if the same cortical network 
could be re-directed towards relatively unaffected parts o f the striatum  (functional 
compensation). Accordingly, we found that the decreased functional connectiv ity in 
the cortico-striatal loop involving the posterior putamen was paralleled by increased 
coupling between the sensorimotor cortex and the (relatively spared) anterior 
putamen. This increase was largest for the anterior putamen o f the least-affected 
hemisphere. This finding supports the idea that this change in connectiv ity reflects a 
compensatory mechanism: given that residual dopamine levels are highest in the 
least-affected anterior putamen, this structure seems most capable o f compensating 
fo r more dopamine-depleted portions o f the striatum.
Recent neurophysiological findings provide a potential mechanism for the notion 
tha t dysfunctions in the posterior putamen are compensated by an increased 
influence o f the anterior striatum on the cortical m otor system. Specifically, it has 
been shown tha t dopamine depletion can trigger sprouting o f collateral dopaminergic 
terminals (Finkelstein et al., 2000;Song and Haber, 2000) and that residual dopaminergic 
fibers in the anterior putamen may compensate fo r severe dopamine depletion in the 
posterior putamen (Mounayar et al., 2007;Bezard and Gross, 1998). Accordingly, 
monkeys that recovered from  MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 
intoxication showed more dopaminergic fibers in the caudate nucleus and anterior 
putamen than monkeys that did not recover (Mounayar et al. 2007). Crucially, the 
same mechanism m ight also account fo r some maladaptive aspects o f cortico-striatal 
plasticity. For instance, it has been shown tha t collateral sprouting distributes 
dopamine over a larger striatal area (Song and Haber, 2000); that structural 
abnormalities in newly form ed dopamine terminals causes diffusion o f dopamine to 
more distant targets (Stanic et al., 2003;Strafella et al., 2005); and that rodent models 
o f PD show increased lateral connections between medium spiny neurons in the 
striatum  (Onn and Grace, 1999;Calabresi et al., 2000). Accordingly, parkinsonian 
monkeys have enhanced functional interactions between cortico-striatal circuits that 
are norm ally segregated (Bergman et al., 1998a), diminished specificity o f pallidal 
neurons to sensory stim ulation o f d ifferent body parts (Filion et al., 1988), and 
diminished specificity o f thalamic neurons to input from  different pallidal subregions 
(Pessiglione et al., 2005b). Taken together, these neurophysiological findings indicate 
tha t putaminal dopamine depletion m ight increase the influence o f the anterior 
putamen over cortical regions that are norm ally connected to the posterior putamen,
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as observed in this study. Yet, this compensatory phenom enon m ight be an instance 
o f a more general (and maladaptive) consequence o f striatal dopamine depletion, 
namely increased functional overlap between d ifferent cortico-striatal loops. This 
increased functional overlap m ight account for several behavioral and clinical 
im pairments observed in PD patients. For example, a blurring o f cortico-striatal 
processing w ith in  the sensorimotor loop (Romanelli et al., 2005) may impair action 
selection due to decreased ab ility o f the pallidum to focally facilitate a m otor 
representation while  inhib iting others (Mink, 1996). In addition, the remapping o f cor- 
tico-striatal connectiv ity m ight create a "neural bottleneck" in the anterior putamen,
i.e. a com putational overlap between the m otor and the associative cortico-striatal 
loops (Alexander et al., 1986). This bottleneck m ight drive PD patients to  continuously 
switch between m otor and associative components o f a task, thereby depleting their 
a ttentional resources (Brown and Marsden, 1991;Cools et al., 2001b). For instance, 
while  healthy controls are able to process m otor execution and mental deliberation in 
parallel [using the posterior and the anterior putamen, respectively; (Jankowski et al., 
2009;Jueptner et al., 1997)], large interferences between these processes are found in 
PD patients (Pessiglione et al., 2005a). Future w ork is needed to test w hether the shift 
in connectiv ity we observed may have a positive effect on some PD characteristics 
(e.g. clinical disease progression), but a negative effect on other processes (e.g. 
sensorimotor integration).
A m echanism  fo r im paired sensorim otor in tegration  in PD
It m ight be argued tha t the changes in cortico-striatal connectiv ity described above 
occur across a variety o f cortical regions, lacking functiona l coherence. In fact, most of 
these regions are involved in somatosensory processing. Primary and secondary 
somatosensory cortices are involved in tactile and proprioceptive processing (Mima 
et al., 1999), the insula processes visceral afferents (Eickhoff et al., 2005) and the parietal 
operculum is involved in sensorimotor integration (Hinkley et al., 2007). More precisely, 
the greatest shift in cortico-striatal connectiv ity o f the PD patients occurred in the IPC 
[area PFop; (Caspers et al., 2006)], a rostro-ventral portion o f BA40. In rhesus monkeys, 
the corresponding region (area 7b) is a higher-order sensorimotor associative area 
((Fogassi and Luppino, 2005)), anatom ically connected to the middle and posterior 
(but not most anterior) part o f the putamen (Cavada and Goldman-Rakic, 1991). In PD 
patients, this parietal region is hyperactive during simple sequential finger m ovements 
(Samuel et al., 1997), possibly a sign tha t these patients come to rely on this high-order 
sensorimotor region even during simple m otor tasks.
The changes in cortico-striatal connectiv ity did not spread to visual or auditory 
cortices, and this observation fits w ith  the heavy reliance o f PD patients on these 
sensory modalities to guide their actions (Georgiou et al., 1993;Helmich et al., 
2007;Keijsers et al., 2005). Surprisingly, the changes in cortico-striatal connectiv ity did
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not spread to core m otor regions either. This pattern o f results m ight appear counter­
intu itive -  PD patients have clinically obvious m otor dysfunctions, known to involve 
the SMA and large portions o f the m otor cortex. Yet, it is becoming increasingly clear 
that these m otor dysfunctions are related to pervasive somatosensory impairments, 
including impairments in kinesthesia (Maschke et al., 2003;Demirci et al., 1997;Jobst et 
al., 1997;Boecker et al., 1999;Klockgether et al., 1995), jo in t position sense (Zia et al., 
2000), sensory gating o f urinary bladder efferents (Herzog et al., 2008) and central 
processing o f proprioceptive signals (Boecker et al., 1999;Rickards and Cody, 1997;Seiss 
et al., 2003). These impairments may lead to altered m otor function in PD (Keijsers et al., 
2005;Contreras-Vidal and Gold, 2004), possibly through altered sensorimotor integration 
(Lewis and Byblow, 2002). The precise mechanism behind these alterations remains 
unknown, but it has been suggested that deficient gating o f sensory signals in the 
basal ganglia (Filion et al., 1988) may lead to abnormal processing o f proprioceptive 
input in m otor regions such as the SMA (Escola et al., 2002). In fact, these alterations o f 
sensorimotor integration may predate in tim e the emergence o f overt m otor symptoms: 
asymptomatic gene carriers (at risk for developing PD) show altered electrophysiological 
indexes o f sensorimotor integration, in the absence o f any clinically discernible m otor 
impairments (Baumer et al., 2007). Taken together, these considerations f it  w ith  the 
idea that m ovem ent disorders such as PD may actually result from  a primary 
somatosensory dysfunction that causes fau lty  com putation o f relevant movement 
parameters (Flowers, 1976;Maschke et al., 2003). Our finding o f diminished coupling 
between tw o  im portant nodes o f the m otor system (the precentral gyrus and the IPC), 
which were connected to d ifferent striatal subregions in PD but not in controls, 
supports the notion o f impaired kinesthetic processing in PD. More precisely, we 
suggest that the observed remapping o f cortico-striatal connectiv ity partly abolishes 
the strictly segregated flow  o f somatosensory inform ation through the basal ganglia. 
This loss o f segregation could lead to altered sensorimotor integration, thus contributing 
to the classical m otor impairments seen in PD.
In te rp re ta tio n a l issues
In this study, we did not directly correct for possible differences in heart rate or 
respiration across groups. However, given tha t both groups were similarly naïve to the 
scanner environm ent, and given that the effects we report are specific to a lim ited set 
o f seed regions -  there were no differences for the PCC, which has been shown to 
respond to autonom ic fluctuations (Birn et al., 2006;Critchley et al., 2003;Shmueli et al., 
2007) -  it appears unlikely that d ifferent autonom ic fluctuations caused the effects 
we observed.
We could not find significant relationships between clinical measures o f disease 
severity (i.e. total UPDRS or disease duration) and indexes o f cortico-striatal connectivity. 
This negative result m ight stem from  the fact that the UPDRS does not capture
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im pairments in sensorimotor integration or dual task performance, i.e. the functions 
presumably affected by the altered connectiv ity patterns we observed. Accordingly, 
previous w ork indicates that sensorimotor integration is already severely impaired in 
Parkin carriers that, despite being clinically un-noticeable, are at risk for developing PD 
(Baumer et al., 2007). It appears relevant to test w hether a remapping o f cortico- 
striatal connectiv ity occurs very early in the disease, since this raises the interesting 
possibility tha t altered cortico-striatal connectiv ity could be used for early diagnosis 
in pre-symptomatic stages o f PD.
Conclusion
This study shows how changes in striatal dopamine profoundly influence cortico- 
striatal connectivity. We found a strong decrease in functional connectiv ity between 
the posterior putamen and cortical somatosensory and m otor regions. In contrast, 
the anterior putamen -  where dopamine depletion in PD is typically less severe than 
in the posterior putamen -  expanded its connectiv ity profile to these regions, in 
particular the IPC. Our findings indicate that dopamine depletion leads to a loss o f 
segregation between different cortico-striatal loops. We speculate that this netw ork 
alteration may explain clinical symptoms such as impaired dual task performance and 
decreased sensorimotor integration in PD.
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Supplementary material
(Spatial rem app ing  o f cortico-striatal co n nectiv ity  in Parkinson's disease)
In the fo llow ing  pages we describe in detail the rationale, methods, and results o f a 
series o f control analyses that qualify and constrain the findings reported in the main 
report.
Contents:
1. EMG recordings, preprocessing and analysis o f tremor-related brain activ ity
2. Anatomical analyses (voxel-based m orphom etry; VBM)
3. Head m ovements
4. Seed regions:
a. Anatomical & Functional characteristics
b. Correlation matrix
c. Frequency characteristics
5. Cortico-striatal connectivity:
a. Comparison between least- and most-affected hemispheres
b. The border between posterior and anterior putamen
c. Comparison between trem or- and non-trem or PD patients
d. Comparison between medicated- and non-medicated PD patients
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1. EMG recordings, preprocessing and subsequent analyses
R ationa le : It could be argued that trem or in the PD group may alter functional 
connectiv ity w ith in  the m otor system and thereby provide a trivial source of 
differences between PD patients and control subjects. To control for this factor, 
muscle activity in the most-affected arm (sampled w ith  electromyography; EMG) was 
measured during MR-scanning in all 41 PD patients and in a subgroup o f 23 ou t o f 36 
controls. We used this signal to reveal brain regions involved in trem or generation, 
and to remove -  through multiple regression -  tremor-related variance from the data.
M eth od s: We used a pair o f carbon wired MRI compatible sintered silver/silver- 
chloride electrodes (Easycap, Herrsching-Breitbrunn, Germany), placed 3 cm apart 
along the muscle bellies o f the forearm muscles (flexor or extensor, depending on 
the trem or characteristics). A neutral electrode was placed on the head o f the ulna. 
Following amplification and A /D  conversion (Brain Products GmBH, Gilching, 
Germany), an optical cable fed the EMG signal to a dedicated PC outside the MR room 
fo r fu rther off-line analysis. A hardware filte r w ith  250-Hz low-pass filte r and a 10 s 
tim e constant was applied before amplification o f the signals, after which the EMG 
was digitized at 5000 Hz. MR artifact correction fo llowed the m ethod described by 
(Allen et al., 2000;van Duinen et al., 2005). A fter MR artifact correction the data was 
down-sampled to 1000 Hz, band-pass filtered (allowing frequencies between 25 and 
250 Hz, to remove possible m ovem ent artifacts) and rectified to enhance the 
inform ation on EMG burst-frequency (tremor) o f the signal, thereby recovering the 
low  frequency EMG content (Myers et al., 2003). Subsequent analyses were performed 
in Matlab (MathWorks, Natick, MA), consisting o f a tim e-frequency analysis on the 
preprocessed EMG data using the FieldTrip too lbox for EEG/MEG analysis (h ttp :// 
w w w .ru.n l/neuro im ag ing /fie ld trip ). For each segment, we calculated the EMG power 
between 0.5 -  20 Hz in steps o f 0.1 s using 2 s Hanning tapered windows, which 
resulted in a 0.5 Hz resolution. By averaging over all tim e-poin ts we obtained an 
average power spectrum across segments. The peak frequency between 2 and 8 Hz. 
(i.e. the frequency corresponding to  the parkinsonian tremor) was determined for 
each individual patient after visual inspection o f the average power spectrum. Then, 
EMG power at the individual trem or frequency was extracted. This lead to a regressor 
o f 265 values (one fo r each scan) describing the scan-by-scan fluctuations in EMG 
power at the trem or frequency. We also calculated the EMG am plitude (by taking the 
square root o f the EMG power) and we log-transformed the EMG power to remove 
outliers, leading to  3 tremor-related EMG regressors (power, am plitude and log of 
power). Last, we applied a z-transformation to each o f these three regressors and 
convolved them  w ith  the hemodynam ic response function (hrf) as im plem ented in 
SPM5 (http ://www.fil.ion.ucl.ac.uk/spm ). In the 41 PD patients, these three regressors
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were added to the first-level m ultip le regression model, effectively accounting for 
and removing tremor-related variance from  the BOLD signal. This allowed us to 
investigate cortico-striatal connectivity, while  controlling for tremor-related BOLD 
fluctuations. Given the lack o f any activ ity in the rectified EMG signal between 2 and 
8 Hz, we did not include these regressors to the first-level model in the controls.
To test w hether this analysis was suffic iently sensitive to account fo r tremor-related 
effects, we assessed the variance uniquely explained by the tremor-related BOLD 
fluctuations (using only one regressor describing the changes in power o f the rectified 
EMG during scanning) in the context o f a m ultip le regression analysis that considered 
the same nuisance variables described above. Each patient-specific contrast image 
describing the tremor-related effects was entered into a one-sample t-test (random 
effects analysis). To test for consistent effects contralateral to the affected body side 
across the w hole  group, the 13 patients w ho were left-side affected (the other 28 
patients were right-side affected), had the ir contrast images flipped along the axial 
plane. Given the ir known involvem ent in m otor execution, we focused our analyses 
on the primary m otor cortex (MNI coordinates [-36 -23 49]) contralateral to the 
most-affected side, and on the cerebellum (MNI coordinates [20 -53 -19]) ipsilateral to 
the most-affected side (Hanakawa et al., 2003). Previous w ork in trem or-dom inant PD, 
using methods similar to the current study, has shown that (only) these tw o  regions 
specifically decreased the ir activ ity  in response to deep brain stim ulation o f the 
contralateral ventral intermediate (Vim) nucleus o f the thalamus, which diminished 
trem or am plitude (Fukuda et al., 2004). In addition, w ith in  the contralateral m otor 
cortex, the reduction in brain activ ity  correlated directly w ith  the reduction in trem or 
amplitude. Accordingly, we corrected for m ultip le comparisons [FDR-corrected at 
p<0.05; (Genovese et al., 2002)] in tw o  spherical volumes o f interest (radius o f 10 mm) 
centered at those coordinates.
Results: During fMRI scanning we were able to reliably quantify the parkinsonian 
tremor: EMG traces showed a clear peak at 4.5 Hz. across patients, a peak that was 
absent in the controls (Suppl. Fig. 1). This finding is consistent w ith  previous EMG 
studies performed outside the fMRI scanner (Findley et al., 1981 ;O'Suilleabhain and 
Matsumoto, 1998). Variations in right-lateralized hand trem or am plitude accounted for 
a significant am ount o f variance in tw o  portions o f the m otor system directly related 
to  m ovem ent execution: the hand area o f the le ft primary m otor cortex (BA 4; [-36 -24 
56], t(41)=3.91, p=0.014 FDR-corrected) and the right cerebellar vermis ([12 -54 -22], 
t(41)=3.52, p=0.015 FDR-corrected). Importantly, these tw o  regions showed an almost 
complete overlap w ith  areas tha t were equally correlated w ith  the posterior putamen 
fo r both PD patients and controls (Suppl. Fig. 1). Conversely, these tw o  regions were 
spatially separated from  areas that were differentia lly correlated w ith  the posterior 
putamen fo r patients and controls. This finding underscores the valid ity o f our
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S upp l. Fig 1 Tremor-related brain activity
A) Plot o f rectified EMG power (y-axis) as a function o f frequency (x-axis), averaged across 
41 PD patients (in red) and 23 matched controls (in blue). PD patients showed a clear 
peak o f EMG activ ity around 4.5 Hz. (tremor-frequency), which was absent in the controls. 
B-C) Maps o f cerebral activ ity related to  variations in EMG-power (at the peak tremor- 
frequency) in 41 PD patients. The image represents an SPM t-map (thresholded at p<0.01 
uncorrected, overlaid on anatomical images o f a representative subject from  the MNI 
series) describing tremor-related activ ity in the 41 PD patients. D-E) Tremor-related 
cerebral activ ity (in orange, same as in B-C) is shown together w ith  connectiv ity maps for 
the posterior putamen (in red, equal connectivity between PD and controls, same as in 
Fig. 2A; in cyan, decreased connectiv ity for PD patients compared to  controls, same as in 
Fig. 3A). It can be clearly seen that there was no overlap between brain regions showing 
tremor-related cerebral activ ity (in orange) and brain regions showing differential 
connectiv ity w ith  the posterior putamen in PD (in cyan). Conversely, brain regions w ith  
tremor-related brain activ ity (in orange) were a subset o f the regions w ith  equal posterior 
putamen connectiv ity across patients and controls (in red).
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procedure to isolate tremor-related brain activity, and it fu rthe r indicates that 
between-groups differences are unlikely to be caused by the presence o f tremor.
2. Anatomical analyses (voxel based morphometry)
R ationa le : It could be argued that differences in functiona l connectiv ity across 
groups were caused by anatomical changes in the PD group. Therefore, we performed 
a voxel based m orphom etry (VBM) analysis on the 77 subjects considered in this 
study. This VBM analysis tested w hether cortical gray m atter vo lum e differs between 
PD patients and matched healthy controls.
M etho d s: VBM analyses were done in SPM8. We segmented the anatomical MRI scan 
o f each subject into gray matter, w hite  matter, cerebrospinal fluid, and extra-cerebral 
compartm ents (e.g. out-of-brain, skull, skin). We used the DARTEL too lbox (Ashburner, 
2007) to create a group-specific anatomical template and register all individual gray 
m atter images to this template. All images were subsequently normalized to MNI 
space, while  correcting for volum e changes induced by normalization. Last, we 
smoothed all gray m atter images using a kernel o f 8 mm FWHM, and we performed a 
two-sam ple t-test on these smoothed images, directly comparing PD patients w ith  
controls. We also included age, gender, as well as total gray and w hite  m atter as 
covariates, since these factors have been shown to have a great impact on gray m atter 
volum e (Good et al., 2001).
Results: There were no significant differences in gray matter volume across groups 
(Suppl. Fig. 2), even when lowering the statistical threshold to a lenient threshold o f 
p<0.001 uncorrected, and even when restricting our search to a particular region o f 
interest (i.e. those supra-threshold voxels identified in the contrasts "posterior putamen: 
controls >PD”, and "anterior putamen: PD>controls” -  see main body o f the report).
We conclude that gray m atter changes do not explain the pattern o f results that 
we found. The results o f this VBM analysis are consistent w ith  previous w ork that also 
failed to show gray m atter abnormalities in PD patients (Feldmann et al., 2008;Price et 
al., 2004)), but see (Burton et al., 2004).
3. Head movements
R a tio n a le /M e th o d s /R e su lts : Given tha t the PD group suffered from  tremor, one 
m ight expect more head m otion in this group. To test this, we calculated the Euclidian 
distance traveled by each subject's head from  the first to  the last scan (i.e. combining 
the movements in the three axes into one value), separately fo r translation (i.e. x, y and
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p < 0.001 uncorrected
Supp l. Fig 2 Voxel-based m orphom etry
SPM t-maps are shown for two-sam ple t-tests comparing regional gray m atter volume 
across groups (panel A: controls>patients; panel B: patients>controls). Analyses were 
done on smoothed, segmented gray m atter images. The statistical threshold is set at 
p<0.001 uncorrected. The results show tha t gray m atter volum e was similar across 
patients and controls.
z direction) and fo r rotation (i.e. pitch, roll and yaw). This revealed that PD patients 
moved more than healthy controls, both for the translation parameters (controls: 0.7 
± 0.06 mm [average ± SEM; range: 0.3 -  1.9]; PD patients: 1.2 ± 0.2 mm. [range: 0.2 -  3.4 
mm]; p=0.002, two-sam ple t-test) and for rotation parameters (controls: 11*10-3 ± 
1.2*10-3 deg. [range: 3.5 -  42*10-3]; PD patients: 17*10-3 ± 2.0*10-3 deg. [range: 4.2 -  
64*10-3]; p=0.01; two-sam ple t-test).
However, the size o f head movements during scanning was still on average very 
small in both groups (in the order o f 1 mm), and in all subjects it was smaller than the 
resolution o f the acquired EPI images (i.e. < 3.5 mm). In addition, we carefully controlled 
fo r head movements by including not only the six linear m ovem ent regressors into 
our design, but also the quadratic and cubic effects o f the 6 m ovem ent parameters 
belonging to  each volume, as well as the first derivative o f each o f those regressors [to 
control for spin-history effects]. This procedure has been shown to be superior for 
removing m otion-related artifacts from  the data (Lund et al., 2005).
Nevertheless, one m ight w onder w hether differences in head movements may 
explain the differences in connectiv ity we observed. This seems unlikely, for the 
fo llow ing  reasons. First, by leaving a gap o f 3 mm between the borders o f the posterior
•
»
SPM{T71)
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and the anterior putamen, we made sure that between-scans head m otion did not 
introduce spurious overlaps between these tw o  seed regions. Second, differential 
head-m otion could have introduced d ifferent am ount o f background noise, i.e. a 
general source o f noise that equally affects all seed region analyses. Yet, we observed 
similar patterns o f connectiv ity for the posterior cingulate and the caudate nucleus, 
but spatially specific differences for the posterior and anterior putamen. Third, 
head-m otion related artifacts, if consistent across subjects, are expected to cluster 
along tissues boundaries (e.g. ventricles), but these patterns were not observed.
4a. Seed regions: Anatomical & Functional characteristics
S upp l. T ab le  1
To test whether structural differences in striatal anatomy (i.e. in tota l volum e or anatomical 
position) or in the local BOLD signal (average signal intensity and coefficient o f variation) 
contributed to  the differences in functional connectiv ity described above, we compared 
these measures between the tw o  groups (with a two-sam ple t-test) and found no 
differences. The table shows the average (± SEM) values for these measures.
Striatal seed regions - Characteristics
Volume (mL)
controls PD P-value
posterior putamen 3.94 (0.03) 3.92 (0.03) 0.61
anterior putamen 5.14 (0.05) 5.03 (0.06) 0.19
caudate nucleus 5.55 (0.06) 5.37 (0.09) 0.10
Borders (Y coordinates in MNI space, in mm)
controls PD P-value
posterior putamen -20, -2 -20, -2 0.72
anterior putamen +2, +24 +2, +23 0.21
caudate nucleus +2, +30 +2, +29 0.17
Mean signal
controls PD P-value
posterior putamen 718.9 (15.9) 737.8 (13.4) 0.37
anterior putamen 744.0 (14.7) 756.3 (11.4) 0.51
caudate nucleus 885.5 (13.9) 907.1 (12.4) 0.25
Coefficient of variation (*10 3)
controls PD P-value
posterior putamen 4.2 (0.22) 4.5 (0.24) 0.30
anterior putamen 3.9 (0.27) 4.1 (0.23) 0.47
caudate nucleus 4.3 (0.37) 5.7 (0.62) 0.07
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4b. Seed regions: Correlation Matrix
R ationa le : This analysis was aimed at assessing the sim ilarity between the BOLD 
time-courses o f the four seed regions.
M eth od s: We calculated the correlations between the tim e courses o f the four seed 
regions, after having removed variance a ttributab le  to the nuisance and trem or 
regressors (using m ultip le regression) and after band-pass filtering o f the tim e courses 
between 0.008 -  0.1 Hz (as in the main analyses). This revealed correlations that ranged 
from  19-76% in the control group and between 22-69% in the patient group (See 
Suppl. Fig. 3). These correlations are in the same order o f the m agnitude as the 
correlations between the intrinsic fluctuations w ith in  d ifferent subregions o f a cortical 
brain area (i.e., the anterior cingulate cortex), using similar methods as ours (Margulies 
et al., 2007). This between-seeds correlation matrix indicates that the PCC shows the 
smallest correlations w ith  the other regressors. This result fits w ith  the notion that the 
default mode netw ork is functiona lly  distinct from  the cortico-striatal circuits passing 
through the striatal subregions. We also statistically compared the m agnitude o f the 
cross-regional correlations across the tw o  groups. A priori, one would expect a 
decrease in correlation between the posterior putamen and the other seed regions in 
the PD group, given that this region is heavily depleted o f dopamine and it was shown 
to be relatively isolated from  the cortico-striatal system. Accordingly, we found a 
decreased correlation between the anterior and the posterior putamen in the PD 
group (PD: r=0.69, controls: r=0.76; p=0.018), while  all o ther combinations were similar 
across groups (p>0.36). This adds to the idea that the posterior putamen becomes 
isolated both from  the cortex and from  other subcortical regions, as it becomes 
depleted o f dopamine in PD.
Finally, in order to  estimate the global stability o f the regression coefficients, we 
calculated the eigenvalues from  the 4*4 correlation matrix (correlation coefficients in 
%), and we computed its condition number [square root o f the ratio o f largest to 
smallest eigenvalue; (Belsley et al., 2004)]. The mean condition number for the healthy 
controls was 3.7 (range: 2.2 -  5.9, median: 3.7), and for the patients 3.4 (range: 2.1 -  7.5, 
median: 3.3). The condition number was not significantly d ifferent across groups 
(p=0.27; two-samples t-test). According to Belsley and colleagues, significant m ulti- 
collinearity on ly occurs w ith  condition numbers greater than 30, which was not the 
case for any o f our subjects. O ther symptoms o f m ultico llinearity are very high 
standard errors and low  significance values, and coefficients w ith  the "wrong sign" or 
implausible magnitude. This was also not the case in our results. Last, given that all 
com putation were carried ou t in Matlab, w ith  a machine precision o f 2.2e-16 
[eps('double')], we infer that the system o f linear equations was carried ou t w ith  
sufficient precision.
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S upp l. Fig 3 Seed region correlation matrix
Panels A and B show the correlation matrix for the four seed regions, separately for 
healthy controls (panel A) and for PD patients (panel B). The color indicates the magnitude 
o f the average correlation coefficient, ranging from  0% (dark blue) to  100% (brown). 
Analyses were done on individual tim e courses, after having removed variance attributed 
by the nuisance and trem or regressors, and after band-pass filtering between 0.008 -  0.1 
Hz. The results show tha t the correlation between the posterior and anterior putamen 
was significantly smaller in the PD group as compared to  the controls (indicated w ith  a *), 
suggesting that severe dopamine depletion in the posterior putamen isolated this 
structure from  neighboring striatal subregions. Panels C-D show the individual 
eigenvalues resulting from  the correlation matrices (one line is one subject), separately 
for healthy controls (panel C) and for PD patients (panel D).
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4c. Seed Regions: frequency characteristics
R ationa le : This analysis was aimed at testing w hether striatal dopamine depletion 
would affect the frequency spectrum o f the intrinsic fluctuations in PD.
M eth od s: We calculated the power spectrum o f the spatially averaged BOLD 
time-series from  each o f the four seed regions. In this study we used a TR o f 1.4 sec. 
Therefore, the highest (Nyquist) frequency that could be reliably tested in our dataset 
am ounts to 0.36 Hz. First, we considered the subject-specific, unfiltered tim e courses 
averaged across each seed region, and removed variance attributab le to the nuisance 
and trem or regressors. Second, we de-trended these time-courses (to remove slow 
frequency drifts, like those induced by heating o f the MRI gradients) and applied a z- 
transform ation (to normalize individual tim e courses, enabling comparisons across 
subjects). Third, we calculated individual power spectra w ith  the fast Fourier transform 
(using the Pwelch technique). These power spectra were normalized using a log­
transformation to enable comparisons across subjects. Fourth, we calculated -  for each 
seed region - the average power spectrum across the w hole group (Suppl. Fig. 4), and 
we statistically compared the power for each frequency.
Results: This analysis demonstrates that there are no group-specific peaks in the 
power spectrum o f the anterior or posterior putamen. Furthermore, there were no 
significant between-group differences in any o f the four seed regions across the 
d ifferent frequencies o f the power spectrum. These results demonstrate that 
dopamine depletion does not disrupt cortico-striatal processing at a specific 
frequency, and it indicates that the use o f a band-pass filte r did not remove effects in 
one o f the tw o  groups.
5a. Cortico-striatal connectivity -  least- vs. most-affected 
hemisphere
R ationa le : The functional connectiv ity analysis reported in the main body o f this 
paper averaged across left and right hom otop ic portions o f each striatal seed region. 
This m ethodological choice was based on the fo llow ing  reasons. First, 40/41 patients 
had bilateral symptoms (i.e. UPDRS score > 0 for both sides and H&Y stage > 2), 
indicating significant striatal dopamine depletion in both hemispheres. Second, 
intrinsic fluctuations have been shown to be strongly correlated across bilateral 
homologues regions (Salvador et al., 2005) and most resting state netw ork are bilateral 
(Damoiseaux et al., 2006). In particular, intrinsic cortico-striatal fluc tuations in healthy 
humans were found to span both hemispheres, regardless o f the hemisphere seeded
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S upp l. Fig 4  Frequency characteristics of the seed regions
The average power spectrum (± SEM) for each o f the four seed regions is shown separately 
for the healthy controls (blue lines) and for the PD patients (pink lines). Analyses were done 
on unfiltered tim e courses, after having removed variance attributed to  nuisance and 
tremor regressors using multiple linear regression. The results show that there are no 
significant differences in the frequency distribution across groups.
(Di Martino et al., 2008). Third, averaging over hom otop ic regions reduced the impact 
o f outliers on the calculation o f the average tim e courses.
Nevertheless, it appears relevant to investigate w hether the least- and 
most-affected basal ganglia differ in terms o f the ir connectiv ity profile. However, 
a lthough PD is an inherently asymmetric disease, the asym m etry o f the pathology 
varies between patients and our subjects were not selected on the basis o f this 
characteristic. Therefore, to increase the sensitivity o f this particular control analysis, 
we considered a sub-sample o f the patients that had markedly asymmetric symptoms, 
as defined by an asym m etry index (AI) o f >0.2, based on clinical disease severity
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(lateralized UPDRS-III scores). There were 28 PD patients w ith  these characteristics (15 
men; mean age o f 55.1 + 9.9 years; 18 right- and 10 left-side affected patients; mean 
lateralized UPDRS-III score: most-affected side, 14.0 ± 0.6 points; least-affected side, 
5.4 ± 0.6 points, p<0.001). They were compared to the group o f 36 healthy controls.
M etho d s: The fMRI analysis was the same as described fo r the bilateral seed regions, 
except that the first-level analysis included six instead o f three striatal seed regressors 
(i.e. le ft and right caudate nucleus, le ft and right posterior putamen, le ft and right 
anterior putamen). Statistical comparisons between patients and controls were 
performed at the second level (random effects analysis), using a statistical model w ith  
factors GROUP (PD, controls), SIDE (least-affected, most-affected) and REGION 
(posterior putamen, anterior putamen, caudate nucleus). The PCC was not included in 
this analysis, because its m idline location does not enable reliable comparisons across 
hemispheres. In order to average over left- and right-side affected patients, we flipped 
the contrast images o f the 10 left-side affected PD patients in the axial plane. The 
same procedure was performed in the same proportion (14/36) o f healthy controls. 
Thus, in the PD group, the least-affected hemisphere referred to the le ft hemisphere 
in 18/28 patients, while  in the control group the "least-affected" hemisphere referred 
to the le ft hemisphere in 22/36 subjects. This allowed us to directly compare the tw o  
sides across groups, while controlling for the effect o f laterality (le ft or right side).
We focused our analyses on finding GROUP x SIDE interactions for each o f the 
three striatal seed regions, while  restricting our search to  the brain regions showing a 
significant GROUP effect in our main analysis (region o f interest analysis w ith in  tw o  
spatial maps: 1) "controls > patients" for the posterior putamen, shown in cyan in Fig.
3 A-C; 2) "patients > controls" fo r the anterior putamen, shown in yellow  in Fig. 3 A-C). 
This approach increased our sensitivity to find hemispheric differences, and it is 
justified  by the fact that the GROUP x SIDE interaction is orthogonal to the main effect 
o f GROUP.
Results: There were no significant differences for the posterior putamen or the 
caudate nucleus (no GROUP x SIDE interaction). However, the connectiv ity profile of 
the least-affected anterior putamen  was specifically increased in the PD group as 
compared to controls, and this effect was visible in the right inferior parietal cortex 
(significant GROUP x SIDE interaction; MNI coordinates [46 -28 28], t=4.34, p=0.009 
FDR-corrected; Suppl. Fig. 5).
It may seem surprising that there were no laterality differences fo r the posterior 
putamen. On the other hand, given that this region is most affected by dopaminergic 
denervation, which is estimated to be around 80% at the tim e o f diagnosis, a flooring 
effect m ight explain the lack o f differences between least- and most-affected sides 
(Pirker, 2003). In other words, in the posterior putamen o f both hemispheres, dopamine
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S upp l. Fig 5  cortico-striatal connectivity of the least- vs. the m ost-affected  
hemisphere
Panel A shows the spatial d istribution o f the contrast: "patients, un-affected>affected" > 
"controls, un-affected>affected" for the anterior putamen, thresholded at p<0.001 
uncorrected (for graphical purposes) and overlaid on a coronal slice from  a representative 
anatomical image o f the MNI series. The red circle marks the right inferior parietal cortex 
(IPC). Panel B shows the beta values from  the right IPC (MNI coordinates [46 -28 28]). 
Functional connectiv ity (beta value, on the y-axis) between this region and the posterior 
and anterior putamen in the least- and most-affected hemispheres (on the x-axis) is 
shown separately for healthy controls (white bars) and for PD patients (black bars). 
The results show that the increased functional connectivity w ith  the anterior putamen in 
the PD group was specific for the least-affected hemisphere.
levels were most likely already below a critical level necessary for normal cortico- 
striatal connectivity. Interestingly, we found that the increased connectiv ity profile of 
the anterior putamen was largest for the least-affected side. This is in agreement w ith  
the hypothesis tha t it reflects a compensatory mechanism: given that dopamine 
levels are highest in the least-affected anterior putamen, this structure seems most 
capable o f compensating fo r more dopamine-depleted portions o f the striatum.
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5b. Cortico-striatal connectivity -  the border between 
posterior and anterior putamen
R ationa le : It m ight be argued that the shift in cortico-striatal connectiv ity that we 
describe in the main report is caused by a shift in the functional border between the 
posterior and the anterior putamen in PD patients. For instance, this shift could have 
been caused by dopamine depletion. If that were true, then it would have to be a 
posterior-to-anterior shift in PD, such that the posterior putamen "enlarges" at the 
cost o f the anterior putamen. Namely, using the same border between posterior and 
anterior putamen in both groups would then -  in the PD group -  result in posterior 
putamen voxels that are classified as anterior putamen. These voxels would contribute 
to the average signal o f the anterior putamen, causing an apparent shift in connectiv ity 
from  the posterior to the anterior putamen. If that were true, then another defin ition 
o f the border between the posterior and the anterior putamen (which is now set at 
y=0) would change our results. More specifically, shifting the border in a posterior-to- 
anterior direction would correct the abnormal pattern in PD (i.e. the connectiv ity of 
the inferior parietal cortex would "re turn" to the posterior putamen) and in controls 
the opposite would happen: voxels that are actually part o f the anterior putamen 
would now be classified as belonging to the posterior putamen, resulting in an 
apparent shift in connectiv ity from  the anterior to the posterior putamen. To test this, 
we have repeated the analyses but used tw o  d ifferent borders to  define voxels as 
belonging to the posterior or the anterior putamen.
M eth od s: We repeated the connectiv ity analyses by using tw o  d ifferent criteria to 
mark the border between posterior and anterior putamen, i.e. we put the border at 
y=+5, or at y=-5 (rather than y=0 as in the original analysis). Again, we created a gap 
o f 3 mm between the tw o  seed regions (as in the original analyses). Voxels falling in 
this gap were excluded from  the analysis. We then performed the same analyses as 
fo r the "orig inal" border, i.e. we assessed common and differential cortico-striatal 
connectiv ity across groups.
Results: The results o f these analyses are represented in Suppl. Fig. 6 and 7, using the 
same contrasts and anatomical slices as in the original analyses (i.e., Fig. 2 and 3). 
When first assessing the connectiv ity patterns that were equal across groups, it 
becomes clear that the shift in border did not drastically change the topography of 
the three cortico-striatal networks, except for the medial frontal cortex (SMA, pre-SMA). 
More specifically, shifting the border in the posterior d irection excluded this region 
from  the posterior putamen network, w hile  shifting the border in the anterior 
direction enlarged the spatial extent o f this region w ith in  the posterior putamen 
network. This is consistent w ith  the idea tha t the cortico-striatal system forms a
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Border at y = -5
A Posterior Putamen
B Anterior Putamen
C Caudate Nucleus
D Posterior Cingulate
rendering X = -4 Z  = -4
S upp l. Fig 6  The border between posterior and anterior putamen (1)
The images represent SPM t-maps o f comparable functional connectivity across groups 
(conjunction analysis), thresholded at p<0.001 FDR-corrected for m ultip le comparisons, 
overlaid on anatomical images from  a representative subject o f the MNI series. Two 
different borders were used to  define seed regions in the posterior and anterior putamen: 
y=-5 (on the left, panels A-D) and y=+5 (on the right, panels E-H). These borders are 
shifted caudally (y=-5) or rostrally (y=+5) w ith  respect to  the borders used in the main 
analyses (y=0; see Fig. 2). The results are roughly comparable. Differences were largest 
for the posterior putamen: shifting the border e ither reduced (y=-5, panel A) or increased 
(y=+5, panel E) the connectivity between the medial frontal cortex and this structure. 
Results for the caudate nucleus, the anterior putamen and the PCC were similar.
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Border at y = +5
E Posterior Putamen
F Anterior Putamen
G Caudate Nucleus
H Posterior Cingulate
rendering X = -4 Z  = -4
Supp l. Fig 6  Continued
continuum , w ith  the most posterior part o f the putamen being connected to  the 
primary m otor cortex, w hile  the intermediate region connects to the SMA and the 
most anterior part o f the putamen connects to the pre-SMA and the ACC. This finding 
is consistent w ith  anatomical connectiv ity in humans, as measured w ith  DTI (Draganski 
et al., 2008;Lehericy et al., 2004a), and w ith  anatomical connectiv ity in primates 
(McFarland and Haber, 2000).
Importantly, changing the border in e ither direction le ft the shift in connectiv ity 
from  the posterior to the anterior putamen in PD unchanged (Suppl. Fig. 7), a lthough 
at a slightly lower statistical threshold o f p<0.05 FDR-corrected (for the y=+5 analysis). 
This suggests that the shift in connectiv ity is not caused by a spatial shift in the
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functiona l border between the posterior and the anterior putamen. Instead, it is 
better explained by a more general increase in functional connectiv ity o f the anterior 
putamen that is not restricted to the border zone between posterior and anterior 
putamen.
S upp l. Fig 7 The border between posterior and anterior putamen (2)
The images represent SPM t-maps o f differential functional connectivity across groups, 
thresholded at p<0.001 (panel A) or p<0.05 (panel B) FDR-corrected for multip le 
comparisons, and overlaid on anatomical images from  a representative subject o f the 
MNI series. Two different borders were used to  define seed regions in the posterior and 
anterior putamen: y=-5 (panel A) and y=+5 (panel B). In cyan, SPM t-map o f reduced 
connectivity w ith  the posterior putamen in PD patients compared to  matched controls. 
In yellow, SPM t-map o f enhanced connectivity w ith  the anterior putamen in PD patients 
compared to  healthy controls. The results are roughly comparable, indicating tha t the 
shift in connectivity is caused by a general increase in functional connectiv ity o f the 
anterior putamen, which is not restricted to  the border zone between posterior and 
anterior putamen.
5c. Cortico-striatal connectivity -  Tremor vs. non-tremor PD
R a tio na le /M e tho d s /R e su lts : To rule ou t tha t the shift in cortico-striatal connectiv ity 
w ith  the right parietal operculum observed in PD (Fig. 3) was caused by tremor, we 
compared the connectiv ity pattern o f this region across tw o  subgroups o f PD patients: 
patients w ith o u t any clinically discernable trem or (n=13; resting trem or score o f 0 on 
the UPDRS) and patients w ith  a moderate to severe trem or (n=18, resting trem or score 
o f > 2 on the UPDRS). To confirm  this clinical observation, we p lotted the EMG traces
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collected during scanning in both groups (Suppl. Fig 1 A-C). This clearly demonstrates 
that the non-trem or PD group had no tremor-related EMG activ ity  at all during 
scanning; while  the trem or-dom inant PD group showed a clear peak around 4.5 Hz. 
To test w hether the shift in the connectiv ity profile o f the IPC observed in the PD 
group varied across trem or and non-trem or PD patients, we extracted the beta values 
o f this region ([56 -20 28], shown in Fig. 3E) and compared the connectiv ity strength
S upp l. Fig 8 Tremor- vs. non-trem or PD
A, C) Plot o f rectified EMG power (on the y-axis) as a function o f frequency (x-axis), 
averaged across 18 trem or-dom inant PD patients (panel A) or 13 non-trem or PD patients 
(panel C). While trem or-dom inant PD patients showed a clear peak o f EMG activity 
around 4.5 Hz. (tremor-frequency), this effect was absent in the non-trem or PD 
subgroup.
B, D) Function connectivity between the inferior parietal cortex (IPC; on the y-axis, beta 
values) and the four different seed regions (on the x-axis) is shown for 36 healthy controls 
(white bars) and for either trem or-dom inant PD patients (panel B; black bars) or 
non-trem or PD patients (panel D; black bars). The results show similar effects for both PD 
groups, indicating tha t trem or had no effect on the shift in connectiv ity we observed.
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across tw o  striatal regions (factor REGION: posterior putamen vs. anterior putamen) 
and GROUP (36 controls, 13 non-trem or PD and 18 tremor-PD). We found a significant 
GROUP x REGION interaction when testing across the three groups (F(2,64)=16.3, 
p<0.001), when comparing controls and non-trem or PD (F(1,47)=13.9, p=0.001), 
controls and tremor-PD (F(1,52)=27.3, p<0.001), but not when comparing tremor-PD 
and non-trem or PD ((F(1,29)=0.57, p=0.46). These results are depicted in Suppl. Fig 8. 
This clearly shows that the shift in cortico-striatal connectiv ity observed for the 
parietal operculum is not caused by the presence o f tremor.
5d. Cortico-striatal connectivity -  Medicated vs. 
un-medicated PD
R a tio n a le /M e th o d s /R e su lts : A lthough all PD patients were in a practically-defined 
off-state, i.e. at least 12 hours after having taken the ir last medication (Langston et al., 
1992), theoretically there m ight be residual effects o f medication on the altered 
connectiv ity profile we observed. To rule this out, we compared the connectiv ity 
profile o f the IPC (Fig. 3) across 2 subgroups o f PD patients: 10 patients that had never 
taken any dopaminergic medication (de novo PD) and 31 medicated (but o ff their
S upp l. Fig 9 M edicated- vs. non-medicated PD
Panel A and B show function connectivity between the inferior parietal cortex (IPC; on 
the y-axis, beta values) and the four different seed regions (on the x-axis) for 36 healthy 
controls (white bars) and for either medicated (panel A; black bars) or un-medicated PD 
patients (panel B; black bars). The results show similar effects for both PD groups, 
indicating that medication had no effect on the shift in connectivity we observed.
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medication) PD patients. W e extracted the beta values of the IPC ([56 -20 28], shown 
in Fig. 3E) and compared the connectivity strength across 2 striatal regions (factor 
REGION: posterior putamen vs. anterior putamen) and GROUP (36 controls, 10 
non-medicated PD and 31 medicated PD). W e found a significant GROUP x REGION 
interaction when testing across the three groups (F(2,74)=17.3, p<0.001), when 
comparing controls and medicated PD (F(1,65)=22.3, p=0.001), controls and 
un-medicated PD (F(1,44)=23.6, p<0.001), but not when comparing medicated and 
un-medicated PD groups (F(1,39)=1.7, p=0.20). These results are depicted in Suppl. 
Fig 9. This clearly shows that the shift in cortico-striatal connectivity observed for 
the parietal operculum is not caused by residual effects of dopaminergic medication.

Pallidal dysfunction drives a cerebello- 
thalamic circuit into Parkinson tremor
Abstract
Parkinson's disease (PD) is characterized by striatal dopamine depletion, which 
explains clinical symptoms such as bradykinesia and rigidity, but not resting tremor. 
Instead, resting tremor is associated with increased activity in a distinct cerebello- 
thalamic circuit. To date, it remains unknown how the interplay between basal ganglia 
and the cerebello-thalamic circuit can result in resting tremor. W e studied 21 tremor­
dominant PD patients, 23 non-tremor PD patients and 36 controls. Using fMRI, we 
measured functional connectivity between basal ganglia nuclei (GPi, GPe, putamen, 
caudate) and the cerebello-thalamic circuit. Using electrom yography during scanning, 
we measured tremor-related activity in the basal ganglia and cerebello-thalamic 
circuit. W e also quantified striato-pallidal dopamine depletion using [I-123]FP-CIT 
SPECT. Pallidal (but not striatal) dopamine depletion correlated with clinical tremor 
severity. The GPi, GPe and putamen were transiently activated at the onset of tremor 
episodes, whereas activity in the cerebello-thalamic circuit co-fluctuated with tremor 
amplitude. The GPi and putamen of tremor-dominant PD patients had increased 
functional connectivity with the cerebello-thalamic circuit, which was relegated 
through the motor cortex. Resting tremor may result from a pathological interaction 
between the basal ganglia and the cerebello-thalamic circuit. The cerebello-thalamic 
circuit, which controls tremor amplitude, appears to be driven into tremor generation 
when receiving transient signals from the dopamine-depleted basal ganglia. This may 
explain why basal ganglia dysfunction is required for developing resting tremor, 
although a cerebello-thalamic circuit produces it. Our model also clarifies why 
neurosurgical interventions targeted at either the basal ganglia or the cerebello- 
thalamic circuit can both suppress tremor.
Published as:
Helmich RC, Janssen MJR, Oyen WJG, Bloem BR, Toni I (2011) Pallidal dysfunction drives a 
cerebello-thalamic circuit into Parkinson tremor. Ann Neurol. 69(2): 269-81.
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Introduction
The primary pathophysiological substrate of Parkinson's disease (PD) involves dopamine 
depletion in the striatum (Kish et al., 1988). This disrupts cortico-striatal processing and 
explains clinical symptoms such as rigidity and bradykinesia, but not resting tremor (Pirker,
2003). Conversely, resting tremor is associated with a distinct cerebello-thalamic circuit 
(Fukuda et al., 2004;Timmermann et al., 2003) involving the ventral intermediate nucleus 
of the thalamus (VIM), motor cortex (MC), and cerebellum (CBLM). This VIM-MC-CBLM 
circuit is shared with other tremor types like physiological tremor (Gross et al., 2002) and 
essential tremor (Boecker et al., 2010), suggesting a fundamental role in generating 
rhythmic oscillatory motor ouput (Llinas, 1988). However, to date it remains unknown how 
basal ganglia dysfunction in PD can drive the distinct VIM-MC-CBLM circuit into generating 
resting tremor (Rodriguez-Oroz et al., 2009). Tremor-related responses have been observed 
both in the basal ganglia [pallidum (Hurtado et al., 1999;Raz et al., 2000), subthalamic 
nucleus (Levy et al., 2000)] and in the cerebello-thalamic circuit [VIM (Lenz et al., 1994)], 
and interference with either circuit can effectively suppress resting tremor (Benabid et al., 
1991;Krack et al., 1997;Lozano et al., 1995). This suggests that resting tremor results from a 
pathological interaction between the basal ganglia and the VIM-MC-CBLM circuit (Deuschl 
et al., 2000). It has been suggested that this interaction occurs in MC (Deuschl et al., 2000), 
given the dense anatomical connectivity of the basal ganglia with the MC (Hoover and 
Strick, 1999), but not with the VIM (Percheron et al., 1996) and only sparsely with the CBLM 
(Hoshi et al., 2005). Thus, pathological signals from the basal ganglia may be transmitted 
to the VIM-MC-CBLM circuit via the MC, driving this physiological network into resting 
tremor. Accordingly, coherence between VIM neurons and resting tremor is strong and 
consistent (Lenz et al., 1994), while coherence between pallidal neurons and resting 
tremor is transient and intermittent (Hurtado et al., 1999;Raz et al., 2000). This suggests 
that the basal ganglia have a modulatory role in tremor genesis, while the VIM-MC-CBLM 
circuit drives the tremor on a cycle-by-cycle basis (Timmermann et al., 2003;Fukuda et al.,
2004). The role of the pallidum in resting tremor is further supported by post-mortem 
work: pallidal (but not striatal) dopamine depletion predicts tremor severity (Bernheimer 
et al., 1973), possibly caused by degeneration of specific portions of the midbrain (Hirsch 
et al., 1992).
We hypothesize that altered interactions between the dopamine-depleted basal 
ganglia and the VIM-MC-CBLM circuit mediate the occurrence of resting tremor in PD. 
W e test this hypothesis by exploiting a well-established clinical distinction between 
tw o PD subtypes that are characterized by the presence or absence of tremor, while 
bradykinesia and rigidity are expressed in both groups (Jankovic et al., 1990). Using 
fMRI and concurrent electromyography (EMG) recordings, we quantified functional 
connectivity between the basal ganglia and the VIM-MC-CBLM circuit, and the relation 
between ongoing cerebral activity (as indexed by intrinsic fluctuations in the BOLD
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signal) and spontaneous changes in tremor amplitude. Using [I-123]FP-CIT SPECT, we 
compared striato-pallidal dopamine transporter concentrations between tremor­
dominant and non-tremor PD patients.
Methods
Subjects: Three groups of 36 controls (18 men; aged 57±1 years, average±SEM), 21 
tremor-dominant PD patients (12 men; 58±2 years) and 23 non-tremor PD patients (18 
men; 58±2 years) were measured. Age and gender did not significantly differ between 
groups (p>0.05). All subjects (right-handed) gave written informed consent before 
participation. Patients were included when they had idiopathic PD, diagnosed 
according to the UK Brain Bank criteria. Exclusion criteria were: cognitive dysfunction 
(i.e. mini mental state examination<24), neurological comorbidity, moderate to severe 
head tremor, dyskinesias, and general exclusion criteria for MRI scanning. Tremor­
dominant PD was defined as a Unified Parkinson's Disease Rating Scale (UPDRS) 
resting tremor score of >2 for at least one hand during physical examination, and a 
history of resting tremor. Non-tremor PD was defined as a UPDRS resting tremor score 
of 0 during physical examination and no history of resting tremor. Both PD groups 
were carefully matched for general disease severity, cognitive function and severity of 
bradykinesia and rigidity, but differed on resting tremor scores (Table 1). Twelve 
patients used no Parkinson medication; the others used dopaminergic medication 
(levodopa or dopamine-agonists). The amount of dopaminergic medication was 
similar between groups (p>0.1 ; see Suppl. Material), and was added as a covariate to 
all group-analyses. All patients were measured off-medication, i.e. at least 12 hours 
after the last dose(Langston et al., 1992).
Image acquisition & pre-processing
MR imaging was performed in 19 tremor-dominant patients, 23 non-tremor patients, 
and 36 healthy controls, on a 3T MRI system (Siemens, Erlangen, Germany). Subjects 
were instructed to lie still with eyes closed, and to avoid falling asleep (confirmed with 
a post-scan debriefing). Functional data were collected using a single shot gradient 
EPI-sequence [TE/TR=30/1450 ms; 21 axial slices, voxel size = 3.5x3.5x5.0 mm; inter-slice 
gap=1.5 mm; field of view  (FOV)=224 mm; scanning time ~6 minutes, 265 images]. 
Anatomical data were acquired using an MP-RAGE sequence (TE/TR=2.92/2300 ms; 
voxel size=1.0x1.0x1.0 mm, 192 sagittal slices; FOV=256 mm). Data were pre-processed 
and analyzed with SPM5 (www.fil.ion.ucl.ac.uk/spm; see Suppl. Material). Images used 
in the functional connectivity analyses were low-pass filtered to retain frequencies 
below 0.1 Hz. Head movements during scanning did not differ between tremor­
dominant and non-tremor PD patients (see Suppl. Material).
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Table 1 Clinical Characteristics
Disease characteristics of tremor-dominant and non-tremor PD patients are shown 
(average, standard deviation in brackets) and compared between groups (two-sample 
t-tests, two-tailed). Each patient's disease severity was assessed using the Hoehn & Yahr 
(H&Y; maximum is 5) stages and the Unified Parkinson's Disease Rating Scale part III 
(maximum score is 108). B+R = Limb bradykinesia and rigidity (sum of UPDRS items 
22-26). Axial = axial symptoms (sum of UPDRS items 18, 19, 22, 27-31). Cognitive function 
was assessed with the Frontal Assessment Battery [FAB; (Dubois et al., 2000); maximum is 
18]. Duration was defined as the time since subjective symptom onset (in years). In most 
patients (18 tremor-dominant, 20 non-tremor), tremor severity was assessed using Part A 
of the Fahn-Tolosa-Marin Tremor Rating Scale (TRS; maximum is 8 points for each side). 
The TRS involves a clinical score of 0-4 points for each extremity (hands/feet, left/right), 
separately for resting, postural and action tremor (Stacy et al., 2007). Three non-tremor 
patients had a very subtle resting tremor while off-medication at the day of testing, 
explaining the non-zero resting tremor score. All patients had asymmetric symptoms 
(marked with *** in the Table, indicating a p < 0.001 on a paired-samples t-test comparing 
the most- vs. least-affected side for each group), but the most-affected side (left/right) 
did not differ between groups (p=0.24, chi-square test).
Group
Tremor­
dominant PD 
(n=21)
Non-tremor PD 
(n=23) P-value
Duration 4.9 (2.6) 4.8 (2.7) 0.92
H&Y 2.1 (0.3) 2.1 (0.2) 0.82
FAB 16.8 (1.0) 17.1 (1.1) 0.32
UPDRS Total 28.4 (8.6) 28.0 (8.4) 0.87
Non-tremor (B+R) most 10.5*** (2.6) 11.0*** (3.0) 0.61
least 4.7 (3.7) 6.0 (3.5) 0.21
Axial 7.3 (3.6) 9.2 (4.0) 0.11
TRS Rest most 3.4*** (1.4) 0.2 (0.5) <0.001
least 0.6 (1.0) 0.0 (0.0) 0.01
Posture most 1.9*** (1.1) 1.0 (1.4) 0.04
least 0.5 (0.9) 0.4 (0.8) 0.7
Action most 0.7 (0.9) 0.7 (0.9) 0.81
least 0.4 (0.6) 0.3 (0.6) 0.46
Regions of interest
W e focused our analyses on the VIM-MC-CBLM circuit and the basal ganglia (GPi, GPe, 
putamen, caudate). The VIM-MC-CBLM circuit was localized on the basis of a 
whole-brain search for tremor-related cerebral activity (see below). The basal ganglia
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circuit was identified on the basis of anatomical criteria (see Suppl. Material). We 
averaged cerebral effects (beta values) across all voxels of each region and performed 
statistical analyses on these values in SPSS.15.
Tremor-related activ ity
Using EMG, we measured muscle activity in the most-affected arm of 19 tremor-dom­
inant PD patients, 23 non-tremor PD patients and 23 controls during MR-scanning 
[Suppl. Material and (Helmich et al., 2010)]. For each tremor-dominant patient, we 
calculated scan-by-scan EMG power at the patient's tremor frequency (average: 
4.4±0.2 Hz; Suppl. Fig. 1), resulting in patient-specific regressors describing fluctuations 
in tremor amplitude (EMG AMP). To capture changes in tremor amplitude (EMG ON/ 
OFFSET), we calculated the temporal derivative of the EMG AM P regressor. After 
convolution of both regressors with a hem odynam ic response function, we considered 
EMG AMP and EMG ON/OFFSET as explanatory variables in a multiple regression 
analysis. W e also included a set of nuisance regressors, as described in the Suppl. 
Material. Parameter estimates (beta values) for all regressors were obtained by maxi- 
mum-likelihood estimation, modeling temporal autocorrelation as an AR(1) process. 
The effect of each EMG regressor was tested at the group-level using one-sample 
t-tests (one-tailed). The effects of each EMG regressor were compared between the 
most- and least-affected hemispheres using paired-sample t-tests (one-tailed). We 
assessed the correlation between tremor-related responses and clinical resting tremor 
severity by using within-patient difference scores (between most- and least-affected 
sides), thereby controlling for non-specific differences between patients.
Functional connectiv ity betw een the basal ganglia and VIM-MC-CBLM circuit
W e performed separate seed-based functional connectivity analyses for the left and 
right GPi, GPe, putamen, and caudate. MarsBaR (http://marsbar.sourceforge.net) was 
used to extract the average time courses from these regions. For each subject and 
each region, we then entered this regressor in a multiple regression analysis together 
with several nuisance regressors (see Suppl. Material). To isolate altered functional 
connectivity over and above tremor-related effects, we added the EMG AMP and EMG 
ON/OFFSET regressors to the first-level models of tremor-dominant patients. For each 
basal ganglia region (GPi, GPe, putamen and caudate) we performed two group- 
analyses. First, we used the asymmetric nature of PD to compare functional 
connectivity of the most- and least-affected basal ganglia nucleus with the VIM, MC, 
and CBLM in the corresponding hemisphere. Specifically, we performed a two-way 
ANOVA with factors GROUP (19 tremor-dominant, 23 non-tremor) and HEMISPHERE 
(most-affected, least-affected) for MC, VIM, and CBLM. Second, we directly compared 
basal ganglia connectivity between tremor-dominant PD and healthy controls, in the 
same way as described above. Because there were significant differences between
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the most- and least-affected hemispheres in the tremor-dominant group, and because 
the most-affected side was not the same across all PD patients, we compared left 
hemisphere-affected PD patients (13 tremor-dominant) with 36 controls. Finally, we 
related altered connectivity to clinical symptoms, i.e. we correlated the difference 
between functional connectivity (e.g., GPi-MC) of the most- and least-affected side 
with the difference between clinical disease severity scores of the most- and 
least-affected side (Pearson correlation, one-tailed). This was done both for resting 
tremor (using the TRS) and for bradykinesia (using UPDRS items 23-26), in the 16 trem­
or-dominant patients where we obtained TRS scores.
Im aging of the dopam ine transporter
Thirty five PD patients (16 tremor-dominant, 19 non-tremor) received a [I-123]FP-CIT 
SPECT scan on a separate day within three months after the fMRI scan. After image 
pre-processing (Suppl. Material), we calculated the average amount of DaT binding in 
the left and right pallidum, putamen and caudate (with the bilateral occipital cortex 
as reference region). Since we did not want to claim more spatial resolution than 
SPECT can offer, and because tremor-related activity and connectivity was similar for 
GPi and GPe, we averaged DaT binding across these two regions. Using ANOVA, we 
compared DaT binding between factors REGION (putamen, caudate, and pallidum), 
GROUP (tremor-dominant, non-tremor) and SIDE (most-affected, least-affected). We 
also related DaT binding to clinical symptoms (resting tremor and bradykinesia, see 
above). Thus, for each region we correlated the difference between DaT binding of 
the most- and least-affected side with the difference between clinical disease severity 
scores of the most- and least-affected side (Pearson correlation, one-tailed).
Results
Tremor-related activ ity  in PD
Using combined EMG-fMRI, we isolated two distinct patterns of tremor-related 
activity. This approach is illustrated in Fig. 1C-D for one patient. Group effects are 
shown in Fig. 1; statistics are listed in Tables 2 and 3. First, fluctuations in tremor 
amplitude (EMG AMP) accounted for a significant portion of cerebral activity in the 
contralateral MC, contralateral VIM, and ipsilateral CBLM (p<0.05, whole-brain 
corrected; Table 2, Fig. 1A). In all three regions, tremor-related activity was stronger in 
the most- than in the least-affected hemisphere. Furthermore, tremor-related activity 
increased with clinical tremor scores in the MC and CBLM (Table 3; Fig. 1H). Conversely, 
there were no tremor amplitude-related effects in the basal ganglia (Table 3; Fig. 1I-L). 
Second, changes in tremor amplitude (EMG ON/OFFSET) evoked additional cerebral 
effects in the most-affected MC/CBLM, bilateral VIM, and in the basal ganglia (GPi,
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Figure  1 Tremor-related cerebral activity in tremor-dominant PD
Panel A shows cerebral regions where activity co-fluctuated with tremor amplitude (SPM 
t-contrast on the EMG AMP regressor in 19 tremor-dominant patients, shown at a threshold 
of p<0.05 corrected for multiple comparisons, using an intensity threshold of T>3.6). 
Activity was localized to the motor cortex (MC), ventral intermediate nucleus of the
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thalamus (VIM) and cerebellum (CBLM). The left side is the side contralateral to the tremor. 
In these regions of the cerebello-thalamic circuit, and in the four basal ganglia nuclei 
shown in panel B, we quantified two separate effects: (1) cerebral activity related to tremor 
amplitude; (2) cerebral activity related changes in tremor amplitude (tremor on/offset). 
Panels C and D illustrate this for one patient. Three relevant time courses are shown:
(1) brain activity (MC in orange in panel C, GPi in blue in panel D, both z-normalized);
(2) tremor amplitude of the contralateral hand (in black; EMG regressor convolved with the 
hrf; z-normalized); (3) tremor on/offset (in dotted gray, first temporal derivative of the 
tremor amplitude regressor, convolved with the hrf; z-normalized). While MC activity 
clearly correlated with tremor amplitude (panel C), this pattern was not observed for the 
GPi (panel D). Conversely, GPi activity correlated with changes in tremor amplitude (the on/ 
offset regressor, which peaks when the tremor changes from low to high amplitude). 
Panels E-L show these effects for the whole group (n=19 tremor-dominant PD patients), 
separately for the most- (red bars) and for the least-affected (green bars) hemisphere. Panel 
H shows the relationship between tremor-related activity in the MC (on the x-axis) and 
clinical tremor severity (on the y-axis). Both effects are quantified as the difference (A) 
between parameters relative to the most- and least-affected side. TRS = Tremor Rating 
Scale; see Tables 2-3 for statistics.
GPe, and putamen; Table 3, Fig. 1I-K). Crucially, these effects were not observed in 
cognitive portions of the striatum (i.e., the caudate; Fig. 1L). In the MC, CBLM, and in 
the putamen, these effects were stronger in the most- than in the least-affected 
hemisphere (Table 3). Furthermore, cerebral responses in the MC increased with 
clinical tremor scores.
Increased interactions betw een basal ganglia and VIM-MC-CBLM circuit in 
trem or-dom inant PD
W e tested the hypothesis that increased functional interactions between the basal 
ganglia (GPi, GPe, putamen, and caudate) and the VIM-MC-CBLM circuit mediate the 
occurrence of resting tremor in PD. Group effects are shown in Fig. 2; statistics are 
listed in Table 4. First, tremor-dominant PD patients had enhanced GPi-MC and 
putamen-MC coupling compared to non-tremor PD patients, and these effects 
were specific for the most-affected hemisphere (GROUP x SIDE interaction, see Table 
4 and Fig. 2). In contrast, there were no significant group-differences for GPe-MC 
and caudate-MC coupling. Second, we directly compared healthy controls with left 
hemisphere-affected tremor-dominant patients. This analysis confirmed differential 
GPi-MC and putamen-MC coupling between groups and hemispheres (GROUP x SIDE 
interaction, see Table 4). Specifically, tremor-dominant patients had larger GPi-MC and 
putamen-MC coupling in the left (i.e. most-affected) hemisphere than controls 
(p<0.00; Table 4). Conversely, both groups had similar coupling in the right (i.e. least-
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Table 2 Region showing tremor amplitude-related brain activity
Spatial coordinates of the local maxima of regions where activity co-fluctuated with 
tremor amplitude in 19 tremor-dominant PD patients. All results are corrected for multiple 
comparisons across the whole brain (p<0.05 FWE-corrected at the cluster level, using an 
intensity threshold of T>3.6). The MC and CBLM clusters were localized using cytoarchi- 
tectonic probability maps [Anatomy Toolbox (Eickhoff et al., 2005)]. The thalamic cluster 
was localized using stereotactic coordinates of deep brain surgery (VIM thalamotomy for 
treatment of parkinsonian tremor (Atkinson et al., 2002)). The first two local maxima were 
located <5 mm from the optimal site for thalamotomy (Atkinson et al., 2002). This location, 
at the border of the cerebellar thalamus [ventral lateral posterior nucleus (VLp) according 
Jones; VIM according to Hassler (Percheron et al., 1996)) and the somatosensory thalamus 
(VPLp according to Jones] was confirmed by a stereotactic atlas of the human thalamus 
(Morel et al., 1997) (see Suppl. Material for details).
Anatomical
Label
Anatomical
Location
Hemisphere 
(wrt tremor)
T-Value p-value
(corrected)
Cluster
size
(voxels)
Stereotactic 
coordinates 
(x y z) 
in MNI space
Motor
Cortex
(MC)
BA4 (60% overlap) 
BA6 (26% overlap)
Contralateral 6.1 <0.001 464 ± 28 - 26 + 62
Cerebellum
(CBLM)
Lobule V (39% 
overlap) 
Lobule VI (49% 
overlap)
Ipsilateral 5.5 0.004 177 ± 18 - 50 - 20
Thalamus
(VIM)
Within thalamotomy 
region (VIM) 
(Atkinson et al., 2002)
Contralateral 4.8 0.030 121 ± 12 - 18 + 2
affected) hemisphere (p>0.05; Table 4). These effects were not significant for the 
caudate, while there was a non-significant trend towards differential GPe-MC coupling 
between groups and hemispheres. Third, tremor-dominant patients with higher 
striato-pallidal coupling (between GPi/GPe/putamen and MC) showed higher clinical 
resting tremor scores (p>0.048, see Table 4 and Fig. 2). These effects were specific for 
tremor: there were no correlations between striato-pallidal coupling and bradykinesia 
scores (p>0.30, see Table 4). Finally, the increased striato-pallidal coupling in the 
most-affected hemisphere of tremor-dominant PD was specific for the MC: there were 
no group-differences for striato-pallidal connectivity with the VIM or CBLM. Together, 
these results point to a specific functional pathway through which the motor loop of 
the basal ganglia could trigger tremor-related responses in the VIM-MC-CBLM circuit 
through the MC.
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Table 3 Tremor-related responses
This table shows the inferential statistics of tremor-related cerebral activity in 19 tremor­
dominant PD patients. We tested for cerebral activity that correlated with tremor 
amplitude (EMG AMP regressor), and with changes in tremor amplitude tremor on/offset 
(EMG ON/OFFSET regressor). These effects were quantified for the cerebello-thalamic 
circuit (MC, CBLM and VIM, regions of interest derived from Table 2) and for the basal 
ganglia (GPi, GPe, putamen and caudate, regions of interest anatomically defined). 
Statistics (one-sample t-tests across the group) are shown separately for the most- and 
for the least-affected hemisphere, and for direct comparisons between both hemispheres. 
Our primary hypothesis was that the cerebello-thalamic circuit and the motor circuit of 
the basal ganglia should have distinct tremor-related responses (both within the 
most-affected hemisphere). To test this hypothesis, we averaged tremor-related activity 
across the whole VIM-MC-CBLM circuit and across the whole striato-pallidal motor circuit 
(GPi, GPe, and putamen), using Bonferroni-corrected inferences (p<0.025) on one-sample 
t-tests across the group. In the VIM-MC-CBLM circuit, there was significant tremor ampli­
tude-related activity [t(18)=6.1; p<0.001] and tremor on/offset-related activity [t(18)=3.3; 
p=0.002]. Conversely, in the basal ganglia there was no amplitude-related activity 
[t(18)=0.82; p=0.21], but significant tremor on/offset-related activity [t(18)=2.4; p=0.013]. 
The two columns on the right show the Pearson correlation R and p-value (one-tailed) 
between the cerebral effects (tremor-related activity) and clinical effects (total resting 
tremor score on the Tremor Rating Scale), both quantified as the difference between the 
most- and least-affected sides. Significant effects are shown in bold.
Brain
region
Most-affected side Least-affected side Most > least- 
affected side
Correlation with 
tremor severity
T-value p-value T-value p-value T-value p-value R p-value
EMG AMPLITUDE
MC 0.34 0.37 4.0 <0.001 0.72 0.001
CBLM See Table 2 0.81 0.21 3.5 0.001 0.60 0.008
VIM 3.02 0.004 2.7 0.008 -0.007 0.49
GPi -0.48 032 -0.56 0.29 0.34 0.37 -0.23 0.19
GPe 0.93 0.18 1.19 0.12 -0.23 0.41 -0.18 0.25
Putamen 1.42 0.087 0.62 0.27 1.95 0.033 -0.39 0.066
Caudate 0.48 032 0.76 0.23 -0.63 0.27 0.22 0.21
EMG ON/OFFSET
MC 2.36 0.015 0.13 0.45 1.86 0.040 0.63 0.005
CBLM 1.93 0.035 -0.61 0.28 2.73 0.007 0.14 0.30
VIM 2.59 0.009 2.53 0.010 0.36 0.36 0.16 0.28
GPi 2.13 0.024 1.67 0.056 0.77 0.23 0.014 0.48
GPe 2.37 0.015 1.84 0.041 1.27 0.11 0.33 0.10
Putamen 1.82 0.043 0.80 0.22 2.17 0.022 0.24 0.18
Caudate 0.52 0.31 0.20 0.43 0.50 0.31 -0.11 0.34
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Figure  2 Altered coupling between basal ganglia and motor cortex in 
tremor-dominant PD
Panels A, C, E, and G show functional coupling between a basal ganglia seed region (GPi, GPe, 
putamen, or caudate) and the portion of motor cortex (MC) showing tremor-related activity
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(on the y-axis, mean ß-value±SEM). These effects are shown separately for the most/least 
affected hemisphere (in PD), or the left/right hemisphere (in controls). Panels B, D, F, and H 
show correlations between striato-pallidal connectivity with the MC (on the x-axis, difference 
between most- and least-affected sides, A-ß weight) and resting tremor severity (on the 
y-axis, difference between most- and least-affected sides, A-TRS). These results show increased 
functional coupling between GPi-MC (panel A) and putamen-MC (panel E) in the most- 
affected hemisphere of tremor-dominant PD. A similar (non-significant) trend was seen for 
GPe-MC coupling (panel C), but there were no group-differences for caudate-MC coupling 
(panel G). TRS = Tremor Rating Scale. For statistics, see Table 4.
Im aging of the dopam ine transporter
W e tested whether dopaminergic changes in the basal ganglia were related to resting 
tremor. A direct comparison of DaT binding between regions (pallidum, putamen and 
caudate), sides (most- vs. least-affected hemisphere) and subtypes (tremor-dominant 
vs. non-tremor PD) revealed a significant three-way interaction (F(2,64)=3.6; p=0.033). 
In the pallidum, DaT binding was relatively lower in the most- vs. least-affected 
hemisphere of tremor-dominant vs. non-tremor PD (SIDE x GROUP interaction; 
F(1,33)=14.2; p=0.001). Specifically, compared to non-tremor PD, tremor-dominant 
patients had lower pallidal DaT binding in the most-affected hemisphere (t(32)=1.9; 
p=0.035, one-tailed), and higher pallidal DaT binding in the least-affected hemisphere 
(t(32)=-2.7; p=0.006; one-tailed). Conversely, there was no GROUP x SIDE interaction 
for DaT binding in the putamen or caudate (p>0.05). Instead, DaT binding in the 
putamen and caudate was generally lower in the most- vs. least-affected hemisphere 
of both PD groups (main effect of SIDE; putamen: F(1,32)=48.1; p<0.001; caudate: 
F(1,32)=28.2; p<0.001). Furthermore, there was a trend towards overall lower DaT 
binding in non-tremor vs. tremor-dominant PD (main effect of GROUP; putamen: 
F(1,32)=3.3; p=0.080; caudate: F(1,32)=3.6; p=0.066). Since pallidal DaT binding was 
differently modulated by PD group and hemisphere than striatal DaT binding, it is 
unlikely that the pallidal effects were caused by spill-over of signal from the putamen. 
To directly test this possibility, we compared DaT binding in the most-affected 
pallidum vs. the most-affected putamen, as a function of PD group. This revealed a 
significant GROUP x REGION interaction (F(1,32)=8.2; p=0.007), which was driven by 
group-differences in the most-affected pallidum (p=0.035, see above), but not in the 
most-affected putamen (p>0.1). Furthermore, DaT binding in the striatum and in the 
pallidum were correlated with different clinical symptoms. Specifically, bradykinesia 
correlated with DaT binding in the putamen (R=0.52; p<0.001; Fig. 3d) and caudate 
(R=0.50; p=0.001; Suppl. Fig. 4), but not with pallidal DaT binding (p>0.05). Conversely, 
resting tremor severity correlated with DaT binding in the pallidum (R=0.57; p=0.023; 
Fig. 3h), but not with DaT binding in the striatum (p>0.05). This correlation remained
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Table 4 Differential coupling between striato-pallidal seed regions and 
motor cortex
This table shows the inferential statistics concerning comparisons of striato-pallidal 
functional connectivity between groups. Functional connectivity was defined as the 
coupling (beta values) between each striato-pallidal seed region (GPi, GPe, putamen, or 
caudate) and the portion of motor cortex showing tremor-related activity (see Fig. 1). The 
amount of dopaminergic medication (LEDD) was added as a covariate of no interest to all 
analyses. First, we tested for differences in functional connectivity between the two PD 
groups (factor GROUP: tremor-dominant vs. non-tremor PD) and the two hemispheres 
(factor SIDE: most- vs. least-affected) (top left). Second, we tested for differences between 
healthy controls and left hemisphere-affected tremor-dominant patients (factor GROUP), 
and hemispheres (factor SIDE: left vs. right hemisphere). Both analyses showed increased 
GPi / putamen connectivity with the motor cortex in the most-affected hemisphere of 
tremor-dominant PD. Third, we correlated the relative increase in striato-pallidal 
connectivity with tremor severity (both expressed as the difference between most- and 
least-affected sides) (bottom left). This showed that GPi / GPe / putamen connectivity 
with the motor cortex was larger in patients with higher tremor scores. Fourth, we 
performed the same analysis for bradykinesia scores; this did not reveal significant effects 
(bottom right). Significant effects (p<0.05) are shown in bold.
Tremor-dominant PD (n=19) 
vs. non-tremor PD (n=23)
Tremor-dominant PD (left-affected; 
n=13) vs. controls (n=36)
SEED REGION GROUPx SIDE
Most-affected
hemisphere
Least-affected
hemisphere GROUP x SIDE
Left
hemisphere
Right
hemisphere
GPi
F(1,39)=5.6;
p=0.020
t(41)=2.3;
p=0.024
t(41)=-0.33;
p=0.74
F(1,47)=4.3;
p=0.044
t(47)=4.0;
p<0.001
t(47)=1.5;
p=0.14
GPe
F(1,39)=1.9;
p=0.18
t(41)=5.3;
p=0.027
t(41)=-0.60;
p=0.44
F(1,47)=3.1;
p=0.085
t(47)=3.9;
p<0.001
t(47)=1.9;
p=0.059
Putamen
F(1,39)=4.5;
p=0.040
t(41)=3.5;
p=0.001
t(41)=1.2; 
p=0.27
F(1,47)=10.5;
p=0.002
t(47)=3.6;
p=0.001
t(47)=1.6;
p=0.11
Caudate
F(1,39)=0.80;
p=0.38
t(41)=2.9;
p=0.099
t(41)=0.23;
p=0.64
F(1,47)=0.42;
p=0.52
t(47)=1.1;
p=0.29
t(47)=1.7;
p=0.10
Clinical tremor score Clinical bradykinesia score
SEED REGION beta-value t-value p-value beta-value t-value p-value
GPi 0.48 2.2 0.048 0.29 1.1 0.30
GPe 0.55 2.6 0.022 0.056 0.20 0.84
Putamen 0.78 5.2 <0.001 0.24 0.90 0.39
Caudate 0.11 0.42 0.68 -0.12 -0.45 0.66
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Figure  3 Imaging of the dopamine transporter (DaT)
We quantified pre-synaptic DaT binding (using [I-123]FP-CIT SPECT) in the putamen (pink) 
and pallidum (orange), separately for tremor-dominant and non-tremor PD patients, and 
for the most- and least-affected hemisphere. Pallidum, putamen and caudate were defined 
based on each patient's structural MRI scan (panel A). We overlaid these images onto each 
patient's SPECT scan (panel B), and calculated the average DaT binding across each region, 
separately for each hemisphere. Panels C and F show the average DaT binding (on the 
y-axis, mean V”3 ± SEM) in the putamen (panel C) and pallidum (panel F). Panels D and J 
show the correlation between regional DaT binding (on the x-axis, difference between 
both sides, A-V”3) and bradykinesia severity (on the y-axis, difference between both sides, 
A-UPDRS). Panels E and H show the correlation between regional DaT binding and resting 
tremor severity (on the y-axis, difference between both sides, A-TRS). Abbreviations as in 
Fig. 2. For DaT binding in the caudate, see Suppl. Fig. 6.
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significant when correcting for DaT binding in putamen and caudate (R=0.56; p=0.019; 
partial correlation). These findings suggest a specific relationship between pallidal 
dopamine depletion and resting tremor: tremor-dominant patients had relatively low 
DaT binding in the most-affected pallidum (compared to their least-affected pallidum 
and their striatum), and pallidal DaT binding explained individual differences in resting 
tremor severity.
Discussion
W e tested the hypothesis that resting tremor in PD emerges when dopamine 
depletion in the output layer of the basal ganglia circuitry alters striato-pallidal 
influences onto a core cerebello-thalamic circuit. There are four novel findings. First, 
activity in the VIM-MC-CBLM circuit co-fluctuated with tremor amplitude in PD 
patients. Second, the most-affected GPi and putamen of tremor-dominant PD patients 
showed increased functional connectivity with the MC node of the VIM-MC-CBLM 
circuit. Third, activity in the GPi, GPe and putamen correlated with onset and offset of 
tremor episodes, but not with tremor amplitude. Fourth, dopamine depletion in the 
pallidum, but not the striatum, correlated with tremor severity. These findings suggest 
that increased interactions between the dopamine-depleted striato-pallidal motor 
loop and the MC provide a neurophysiological context in which transient pallidal 
fluctuations trigger pathological activity in a VIM-MC-CBLM circuit, leading to the 
expression of resting tremor in PD (Fig. 4).
Parkinson's trem or em erges from a physiological VIM-MC-CBLM circuit
The VIM-MC-CBLM circuit showed tremor-related responses in PD. This finding fits 
with previous research in PD patients (Helmich et al., 2010;Fukuda et al., 2004; 
Timmermann et al., 2003), and with the dense anatomical connectivity between these 
three areas [as observed in the macaque (Evrard and Craig, 2008;Hoover and Strick, 
1999;Kultas-Ilinsky et al., 2003)]. More specifically, it has been suggested that the MC 
drives the limb tremor (Timmermann et al., 2003), with the CBLM being involved in 
processing tremor-related afferents (Deuschl et al., 2000), and the VIM contributing to 
both (Lenz et al., 1994). In healthy subjects, oscillations in the VIM-MC-CBLM circuit 
have been related to physiological tremor, which occurs during motor execution 
(Gross et al., 2002) and may result from central fractionation of motor commands into 
periodic series of muscle twitches (Vallbo and Wessberg, 1993). Accordingly, intrinsic 
BOLD fluctuations in this same circuit were also strongly coupled in the absence of 
tremor (in healthy subjects; Suppl. Fig. 4). This supports the notion that correlated 
activity in the VIM-MC-CBLM circuit is not intrinsically pathological, but already present 
in the physiological state.
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The striato-pallidal m otor loop triggers tremor-related activ ity  in the 
VIM-MC-CBLM circuit
Tremor-dominant PD patients showed increased functional coupling between the 
GPi/putamen and the MC node of the VIM-MC-CBLM circuit, as compared to matched 
non-tremor PD patients and healthy controls. This effect was functionally specific in 
three different aspects. First, the increased coupling emerged from the limb-related 
motor loop of the basal ganglia (GPi, putamen), and it did not extend to the caudate. 
Second, the magnitude of the coupling predicted the clinical severity of resting 
tremor, but not bradykinesia. Third, the increased coupling was specific for the 
most-affected hemisphere. This asym metry rules out several unspecific sources of 
altered connectivity, for example effects caused by differences in patients' arousal, 
head movements, autonom ic fluctuations, vascular changes or medication status. 
The tremor-related changes in functional coupling between the basal ganglia and 
MC were accompanied by specific dopaminergic alterations in the basal ganglia: 
pallidal dopamine depletion predicted the clinical severity of resting tremor, but not 
bradykinesia, while the opposite pattern was observed for the striatum. This indicates 
that pallidal (but not striatal) dopamine depletion plays a critical role in the emergence 
of increased functional interactions between the basal ganglia and the MC, as seen in 
tremor-dominant PD. Electrophysiological recordings in MPTP-treated vervet monkeys 
(that develop a parkinsonian-like resting tremor) support this suggestion. These 
monkeys show increased functional connectivity between the pallidum and MC 
(Rivlin-Etzion et al., 2008), presumably as a consequence of increased synchrony 
among pallidal neurons (Bergman et al., 1998). Depletion of dopamine, which is 
believed to separate the activity of different striato-pallidal subcircuits, may underlie 
these changes (Bergman et al., 1998). Observations from post-mortem studies in PD 
patients fit with this possibility, showing increased neuronal cell death in the 
retrorubral midbrain of tremor-dominant patients (Hirsch et al., 1992), which sends 
dopaminergic projections to the pallidum(Jan et al., 2000) and to the subthalamic 
nucleus (STN) (Francois et al., 2000). The increased coupling between GPi and MC 
could directly relay tremor-related oscillations from the basal ganglia towards the 
corticospinal tract (McAuley and Marsden, 2000). However, this scenario would not 
explain why coherence between pallidal activity and resting tremor is only transient 
and inconsistent (Hurtado et al., 1999;Raz et al., 2000), or why the cerebellar thalamus 
(VIM) is consistently and necessarily involved in resting tremor (Benabid et al., 
1991;Lenz et al., 1994). W e suggest an alternative possibility that would accommodate 
these observations: transient increases in basal ganglia-MC coupling could trigger the 
generation of tremor-related oscillations within the VIM-MC-CBLM circuit. This scenario 
fits with the general notion that the thalamo-cortical system, with strong reciprocal 
anatomical connections (Kultas-Ilinsky et al., 2003) and non-linear oscillatory dynamics 
(Llinas, 1988), is inherently unstable and particularly sensitive to modulatory influences
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(Crick and Koch, 1998). More precisely, it is known that thalamic neurons can adopt 
tw o oscillatory modes, depending on their membrane potential (Llinas, 1988): a slight 
depolarization produces oscillations at 10 Hz [in the range of physiological tremor 
(Deuschl et al., 2001)], while hyperpolarized cells [as found in the thalamus of tremor­
dominant PD patients (Magnin et al., 2000)] fire at 6 Hz. However, since the thalamic 
recipient of pallidal output [nucleus ventralis oralis posterior; VOp] and the VIM 
nucleus are not directly connected (Percheron et al., 1996), interactions between the 
basal ganglia and cerebellar loops must take place at the cortical level (Deuschl et al., 
2000). These physiological and anatomical considerations, together with the present 
findings, suggest that pathological pallidal responses at the onset of tremor episodes 
hyperpolarize VIM neurons through the MC, triggering sustained periods of oscillations 
at tremor frequency within the VIM-MC-CBLM circuit.
Interpretational Issues
Since activity in the basal ganglia increased at the onset of tremor episodes, we 
interpret this effect as representing a "trigger” for tremor-related responses within the 
cerebello-thalamo-cortical circuit. This interpretation would fit with findings from 
deep brain surgery (Krack et al., 1997;Lozano et al., 1995), where interference with 
basal ganglia output can arrest tremor. However, fMRI is a correlational technique, and 
the effects we report may also be reactive rather than causative. To distinguish 
between these possibilities, future electrophysiological studies could test how activity 
in multiple nodes of the striato-pallidal and cortico-cerebellar loops is temporally 
coordinated at transition points in tremor amplitude. Likewise, limited temporal 
resolution did not allow us to define the neural structures that determine the 
frequency at which PD resting tremor occurs. Since tremor cells are observed both in 
the basal ganglia (Hurtado et al., 1999;Levy et al., 2000) and in the cerebello-thalamic 
circuit (Lenz et al., 1994), the basal ganglia may initiate oscillations at tremor frequency 
in the cerebello-thalamic circuit, causing it to resonate at this frequency.
Since the pallidum contains relatively few dopamine transporters, it could be 
argued that the pallidal SPECT results are driven by spill-over from the putamen. 
However, while this possibility predicts similar effects across pallidum and putamen, 
we observed opposite group-effects in each area. Furthermore, clinical tremor severity 
was uniquely correlated with pallidal DaT binding, even when correcting for putamenal 
DaT. Finally, the SPECT signal in each striato-pallidal region was at least 150% of that in 
the occipital cortex, a strong indication that it reflects DaT binding (Laruelle et al., 
2003).
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Figure  4 A model of cerebral mechanisms underlying PD resting tremor
We propose that PD resting tremor emerges from the VIM-MC-CBLM circuit (in blue), when 
triggered by transient pathological signals from the basal ganglia motor loop (in red). 
In tremor-dominant PD, the basal ganglia (GPi, GPe, and putamen) have increased 
connectivity with the VIM-MC-CBLM circuit through the MC (thick red line), and the basal 
ganglia are activated at critical time points in the tremor cycle (onset/offset of tremor 
episodes). These alterations may be caused by loss of dopaminergic projections from 
the retrorubral area of the midbrain (RRA; in red) (Hirsch et al., 1992) to the GPi and GPe 
(Jan et al., 2000). These alterations are different from the dopaminergic denervation of the 
striatum, observed across different PD subtypes and associated with bradykinesia and 
rigidity. GPi = internal globus pallidus; GPe = external globus pallidus; MC = motor cortex; 
VIM = thalamic ventral intermediate nucleus; CBLM = cerebellum; VOp = thalamic ventralis 
oralis posterior nucleus. SNc = substantia nigra pas compacta; DA = dopamine.
Conclusion
This study shows that increased interactions between the basal ganglia and a distinct 
cerebello-thalamic circuit mediate the occurrence of PD resting tremor. W e propose 
that dopaminergic alterations in the pallidum trigger hyperactivity in the cerebello- 
thalamic circuit, leading to resting tremor. These findings provide a possible solution 
to a long-standing mystery, i.e. why a cerebello-thalamic circuit is hyperactivated in 
PD, a disorder characterized by basal ganglia dysfunction. Furthermore, our findings 
may open the possibility to control resting tremor by transiently interfering with the 
basal ganglia triggering mechanism, rather than by complete ablation of basal ganglia 
or thalamic nodes of those circuits.
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1. Dopaminergic medication
All measurements were performed OFF-medication, i.e. >12 hours after the last dose. 
It is unlikely that residual medication effects affected our results, for the following 
reasons. First, all reported effects (tremor-related activity, intrinsic functional 
connectivity and striato-pallidal dopaminergic function) were sensitive to the side of 
predominant dopamine depletion, while medication is expected to have systemic 
(and thus bilateral) effects. Second, the amount of dopaminergic therapy was not 
statistically different between the tw o PD groups, as assessed with the levodopa 
equivalent dose (LEDD), a parameter that enables a comparison across different types 
of dopaminergic agents. The following conversions were used to calculate the LEDD 
(Wenzelburger et al., 2002): dihydroergocryptin x 5; bromocriptine and apom orphine 
x 10; ropinirole x 20; lisuride, pergolide, pramipexole and cabergoline x 100; levodopa 
with decarboxylase inhibitor x 1; controlled release levodopa with decarboxylase 
inhibitor x 0.7; levodopa with decarboxylase and COMT inhibitor x 1.3. This resulted in 
an LEDD of 222.7 mg (± 85.8; mean±SEM) for tremor-dominant patients and 351.0 mg 
(± 52.7; mean±SEM) for non-tremor patients (no significant difference, p=0.20, 
two-samples t-test). Spitting the LEDD in levodopa and dopamine agonists revealed 
the same pattern (levodopa, tremor-dominant PD: 152.4 mg ± 79.4 mg; non-tremor 
PD: 273.3 mg ± 44.8; p=0.18, two-samples t-test; dopamine agonists: tremor-dominant 
PD: 70.3 mg ± 25.9 mg; non-tremor PD: 77.7 mg ± 24.9; p=0.84, two-samples t-test). 
Third, we accounted for possible residual effects of dopaminergic medication on our 
findings, by including the LEDD as a covariate of no interest in each group-analysis 
(fMRI, SPECT) comparing tremor-dominant and non-tremor PD patients.
2. Pre-processing and analysis of the fMRI images
Functional EPI images were spatially realigned using a least squares approach and a 
six parameter (rigid body) spatial transformation (Friston et al., 1995). Subsequently, 
the time-series for each voxel was realigned temporally to acquisition of the first slice. 
Images were normalized to MNI space (Ashburner and Friston, 2005;Ashburner and 
Friston, 1997) and re-sampled at an isotropic voxel size of 2 mm. The normalized 
images were smoothed with an isotropic 8 mm full-width-at-half-maximum (FWHM) 
Gaussian kernel. For all functional connectivity analyses, images were low-pass filtered 
using a 5th order Butterworth filter to retain frequencies below 0.1 Hz, given the 
frequency range in which these fluctuations occur (Cordes et al., 2001). Anatomical 
images were spatially co-registered to the mean of the functional images (Ashburner 
and Friston, 1997) and spatially normalized by using the same transformation matrix 
applied to the functional images.
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In our subsequent fMRI analyses, we investigated the effect of a regressor of interest 
(i.e. EMG regressors, or the time course of a seed region, see manuscript), while 
controlling for the following set of nuisance regressors: 1) time course of the ventricles; 
2) time course of a non-cerebral (blank) portion of the MR images; 3) time course of 
global gray matter (Fox and Raichle, 2007); 4) motion parameters (linear, quadratic and 
cubic effects of the 6 parameters describing the motion of each volume, and the first 
derivative of those effects) (Lund et al., 2005).
3. Head movements during fMRI scanning
We empirically tested the possibility that tremor-dominant PD patients generally 
made more head movements than non-tremor PD patients. To this end, we used the 
scan-by-scan realignment parameters calculated during fMRI preprocessing. 
Specifically, we calculated the Euclidean distance traveled by the head from the first 
to the last scan, separately for translation (i.e. x, y and z direction) and for rotation (i.e. 
pitch, roll and yaw), and we compared these values between the tw o PD groups. This 
revealed that both PD groups made similar head movements, for translation 
parameters (tremor-dominant PD: 1.2 ± 0.17 mm; non-tremor PD: 0.92 ± 0.12 mm; 
t(40)=1.5, p=0.15) and for rotation parameters (tremor-dominant PD: 0.019 ± 0.0034 
deg; non-tremor PD: 0.015 ± 0.0021 deg; t(40)=1.1, p=0.30, independent-samples 
t-test). Although we did not measure head movements during SPECT scanning, these 
data suggest that tremor-dominant patients did not move more than non-tremor 
patients, and that these head movements were very small (in the range of 1 mm).
4. Regions of Interest
The regions of the VIM-MC-CBLM circuit were localized on the basis of a whole-brain 
search for tremor amplitude-related activity, using the fMRI scans of 19 tremor­
dominant PD patients. See Fig. 1A and Table 2. The MC and VIM clusters were located 
in the hemisphere contralateral to the tremulous hand, the CBLM cluster in the 
ipsilateral hemisphere. To directly compare the response patterns between the 
most- and least-affected hemispheres, we flipped these images in the axial plane. 
Thus, we could quantify tremor-related responses both in the most- and in the 
least-affected VIM-MC-CBLM circuit (see Fig. 1E-G, and Table 3).
The regions of the basal ganglia circuit (internal globus pallidus pars (GPi), external 
globus pallidus (GPe), putamen, and caudate) were anatomically identified. For the 
putamen, caudate, and pallidum, we used subject-specific volumes that were 
automatically segmented on the basis of each subject's normalized structural MRI
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scan (using FIRST v1.1 ; www.fmrib.ox.ac.uk/fsl). Since this tool does not distinguish 
between the GPi and the GPe, we used the templates from the WFU Pick atlas to 
quantify tremor-related activity and connectivity of these regions (Maldjian et al., 
2003). Similar to the VIM-MC-CBLM circuit, we quantified tremor-related responses 
both in the most- and in the least-affected basal ganglia (see Fig. 1E-G, and Table 3).
5. Thalamic location of tremor amplitude-related activity
The responses observed in the motor cortex and cerebellum were localized using the 
Anatomy Toolbox, a w idely used and observer-independent method to localize 
cerebral activities (Eickhoff et al., 2005). The Anatomy Toolbox is based on cytoarchi- 
tectonic probability maps that have been calculated using 10 post-mortem brains 
brought into stereotactic space. W ith this method, we can reliably localize the motor 
cortex cluster to Brodmann Area (BA) 4/6, with 60% of the cluster overlapping with 
BA4, and 26% with BA6. Likewise, we can assign the cerebellar cluster to lobules V/VI, 
with 39% of the cluster overlapping with lobule V and 49% with lobule VI. Unfortunately, 
the different nuclei of the thalamus are not yet part of the Anatomy Toolbox, and they 
cannot be distinguished on the basis of individual structural MRI scans. Therefore, we 
used two other methods to determine the exact anatomical location of the 
tremor-related cluster found in the thalamus. We started by using a functional method, 
comparing the location of the thalamic local maximum with the stereotactic 
coordinates of thalamic lesions applied to arrest tremor in PD (thalamotomy). The 
rationale of this analysis is to test for overlap between the location of the lesions most 
effective in arresting PD tremor, and the tremor-related activity found in this study. 
During surgery, the location of thalamotomy is determined by clinically testing 
whether stimulation of a given thalamic region induces paresthesia and whether it 
arrests tremor. Thalamotomy is performed just anterior to the somatosensory thalamus 
[VPL nucleus according to the nomenclature by Jones (Hirai and Jones, 1989)], in the 
VLp nucleus [according to Jones (Hirai and Jones, 1989), ventral intermediate nucleus 
(VIM) according to Hassler (Hassler, 1982)]. Although most publications do not mention 
the stereotactic location of thalamotomy, Atkinson and colleagues (Atkinson et al.,
2002) determined the optimal location for thalamotomy in stereotactic space over 33 
cases, based on the clinical outcome of the operation (i.e. tremor reduction). The 
location with the optimal clinical outcome was at [x y z] = [±13.4 -15.6 6.5], on the basis 
of a stereotactic space with the origin halfway between the anterior and posterior 
commissures (AC, PC, respectively), and with the axial reference plane parallel to the 
AC-PC line. W e stereotactically related our findings to these results using a two steps 
procedure. First, we transformed the stereotactic space used by Atkinson and 
colleagues into Talairach space (where the AC is the origin of the reference frame, and
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where the axial reference plane is parallel to the AC-PC line), by assuming an in vivo 
AC-PC distance of 25 mm (see (Morel et al., 1997)). Second, we transformed these 
coordinates into MNI space by using a linear transformation procedure (tal2mni tool, 
see http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). Following this two 
steps procedure, the optimal site for thalamotomy in MNI space is located at [x y z] = 
[±13.5 -16.4 6.2]. The local maximum of the thalamic tremor-related activity found in 
this study is located at [x y z] = [±14 -18 2], i.e. at a distance of 4.5 mm from the optimal 
thalamotomy site. To make sure this result was representative for the whole thalamic 
cluster with tremor-related activity, we repeated the procedure for the second local 
maximum of that cluster (located at [x y z] = [±12 -14 10]), resulting in a distance of 4.7 
mm. Furthermore, considering that the average volume of a thalamotomy is estimated 
at 500 mm3 (i.e. sphere with a radius of ~5 mm)(Atkinson et al., 2002), we can conclude 
that the thalamic region where we found tremor amplitude-related activity falls in the 
same area (VLp / VIM) where thalamotomy most effectively abolishes tremor in PD 
patients. In addition to this functional method, we localized thalamic tremor-related 
activity by using an independent anatomical method. W e mapped the location of the 
local maximum of the thalamic cluster with tremor-related activity on a w idely used 
anatomical atlas of the thalamus (Morel et al., 1997). This atlas is based on postmortem 
examination of nine stereotactically cut thalamic blocks from five normal human 
brains. Similarly to what is described above, we converted the location of the two 
local maxima describing the thalamic cluster with tremor-related activity to Talairach 
space, drawing them on the relevant sections of the atlas (since the z=0 plane in that 
atlas is also parallel to the AC-PC plane). This revealed that the first local maximum is 
located at the border of VPLp and VLpv (see below, Suppl. Fig. 2, panel a). Incidentally, 
this location fits with the site where thalamotomy is most effective: "lesions correlated 
with excellent outcomes necessarily involved the interface o f the nucleus ventralis 
intermedius (Vim; also known as the ventral lateral posterior nucleus [VLp]) and the nucleus 
ventrocaudalis (Vc; also known as the ventral posterior [VP] nucleus) (Atkinson et al., 2002)". 
The second local maximum was located in VLpd, (Suppl. Fig. 2, panel b). In summary, 
the results of this second method for localizing the thalamic tremor-related cluster 
converge with those of the first method, and they localize that cluster to the VLp (VIM) 
and VPLp nuclei. W e refer to thalamic cluster as "VIM" throughout the paper.
6. Tremor-related signals (electromyography; EMG)
EMG during scanning was collected in 19 tremor-dominant patients, 23 non-tremor 
patients, and in 23 of 36 healthy subjects. We used a pair of carbon wired MRI 
compatible sintered silver/silver-chloride electrodes (Easycap, Herrsching-Breitbrunn, 
Germany), placed 3 cm apart along the muscle bellies of the forearm muscles (flexor
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Supp l. Fig 1 Anatomical location tremor-related activity in the thalamus
Two coronal slices through the human thalamus (13.5 and 11.7 mm from the midline) are 
shown, taken from the stereotactic atlas by Morel et al. (Morel et al., 1997) The nomenclature 
of thalamic nuclei is by Jones (Hirai and Jones, 1989). The two black crosses indicate the 
anterior (right) and posterior (left) commissures. The distance between the two black crosses 
is 25 mm in vivo. In panel A, the red cross indicates the location of the first local maximum 
of the thalamic cluster displaying tremor amplitude-related activity in PD (MNI coordinates: 
[±14 -18 +2], see Table 2). The blue cross shows the location of the thalamic region where 
VIM thalamotomy was shown to optimally reduce tremor in PD (Atkinson et al., 2002). 
The distance between both locations is 4.5 mm. In panel B, the red cross indicates the 
location of the second local maximum of the thalamic cluster displaying tremor amplitude- 
related activity in PD (MNI coordinates: [±12 -14 +10]). The distance between this location 
and the blue cross from pnel A is 4.7 mm. On the basis of these data, we localize the thalamic 
tremor-related activity to the VIM region (VLp according to Jones).
or extensor, depending on the tremor characteristics) of the most-affected arm (PD 
patients) or the right arm (healthy controls). A neutral electrode was placed on the 
head of the ulna. Following amplification and A/D conversion (Brain Products GmBH, 
Gilching, Germany), an optical cable fed the EMG signal to a dedicated PC outside the 
MR room for further off-line analysis. A hardware filter with 250 Hz low-pass filter and 
a 10 s time constant was applied before amplification of the signals, after which the 
EMG was digitized at 5000 Hz. MR artifact correction followed the method described 
by (Allen et al., 2000;van Duinen et al., 2005). After MR artifact correction the data was 
down-sampled to 1000 Hz, band-pass filtered (allowing frequencies between 25 and 
250 Hz, to remove possible movement artifacts) and rectified to enhance the 
information on EMG burst-frequency (tremor) of the signal, thereby recovering the
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low frequency EMG content (Myers et al., 2003). Subsequent analyses were performed 
in Matlab (MathWorks, Natick, MA), consisting of a time-frequency analysis on the 
preprocessed EMG data using the FieldTrip toolbox for EEG/MEG analysis (http:// 
www.ru.nl/neuroimaging/fieldtrip). For each segment, we calculated the EMG power 
between 0.5 - 12 Hz in steps of 0.1 s using 2 s Hanning tapered windows, which 
resulted in a 0.5 Hz resolution. By averaging over all time-points we obtained an 
average power spectrum across segments. The peak frequency between 2 and 8 Hz. 
[i.e. the frequency corresponding to the parkinsonian tremor; (Deuschl et al., 2001)] 
was determined for each individual patient after visual inspection of the patient- 
specific power spectrum. The average power spectrum of each group is shown in 
Suppl. Fig. 1 (below): there is a clear peak at 4.5 Hz in the tremor-dominant group, but 
not in the other two groups. Then, EMG power at the individual tremor frequency was 
extracted and log-transformed. This produced a regressor describing the scan-by-scan 
fluctuations in EMG power at the tremor frequency (EMG AMP). We also calculated 
the first temporal derivative of this regressor, which describes the scan-to-scan 
changes in tremor amplitude (EMG ON/OFFSET). Last, we applied a z-transformation 
to each of these two regressors and convolved them with the hem odynam ic response 
function (hrf) as implemented in SPM5 (http://www.fil.ion.ucl.ac.uk/spm). By entering 
these two regressors of interest in a multiple regression analysis, we could test for 
tremor-related cerebral responses (see manuscript).
7. Functional connectivity within the VIM-MC-CBLM circuit 
of healthy subjects
In the 36 controls, we extracted the time courses of the left and right VIM (using 
MarsBaR, http://marsbar.sourceforge.net). To increase the specificity of this analysis, 
we took the time course of a 4 mm sphere around the local maximum (MNI coordinates: 
[± 14 -18 +2], see Table 2) of the VIM cluster displaying tremor amplitude-related 
activity in PD patients. Then we entered these regressors into two separate multiple 
regression analyses, together with several nuisance regressors (see Methods section 
under "Tremor-related activity" in the main text). All regressors were low-pass filtered 
(cut-off frequency at 0.1 Hz) before inclusion into the model. At the second level, we 
searched for functional coupling between the VIM and the other two regions of the 
tremor circuit (left/right MC and left/right CBLM). This was done using repeated 
measures ANOVA with factors LATERALITY-SEED (left VIM, right VIM) and LATERALITY-ROI 
(left, right), separately for the MC and for the CBLM. The results from this region of 
interest analysis are shown in Suppl. Fig. 3 panels B (MC) and C (CBLM). W e also 
performed a whole-brain search for VIM connectivity (at a statistical threshold of 
p<0.05 FWE-corrected). In SPM5, we entered the contrast images of all 36 controls into
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Supp l. Fig 2 Frequency content of EMG signal collected during scanning
This figure shows the rectified EMG power (y-axis) as a function of frequency (x-axis), 
averaged (± SEM) over 19 tremor-dominant PD patients (in red), 23 non-tremor PD patients 
(in blue) and 23 controls (in violet). While the tremor-dominant group PD showed EMG 
bursts at a frequency of ~4.5 Hz, this pattern was absent for the other two groups. 
The scan-by-scan fluctuations in EMG power at the tremor frequency of each tremor­
dominant PD patient was used to calculate the tremor amplitude (EMG AMP) and tremor 
onset/offset (EMG ON/OFFSET) regressors shown in Figure 1.
an ANOVA with factor "SEED" (left VIM, right VIM). The results from this whole-brain 
analysis are shown in Suppl. Table 1 (below) and in Suppl. Fig. 5A (below).
8. Imaging of the dopamine transporter (DaT)
Image acquisition: 35 PD patients (16 tremor-dominant and 19 non-tremor) received a 
presynaptic dopamine transporter (DaT) scan on a separate day within three months 
after the fMRI scan. Cerebral SPECT imaging was performed three hours after 
intravenous injection of 185 MBq [I-123]FP-CIT (DaTscan, GE Healthcare, Eindhoven, 
The Netherlands) with a dual headed gamma camera (Siemans ECAM, Siemens AG, 
Erlangen, Germany). All scans were performed with the same camera, especially 
calibrated for DaT-scanning using a dedicated phantom as supplied by the 
manufacturer. The transaxial resolution described by the full-width at half-maximum 
(FWHM) of this camera is < 8.4 mm after reconstruction. The camera was fitted with 
low-energy high-resolution collimators using a 15% energy w indow  centered on the
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Supp l. Fig 3 Functional connectivity of the VIM in healthy subjects
This figure shows the pattern of functional connectivity of the left and right VIM in 36 
healthy subjects. Panel A shows cerebral activity that was correlated with the left/right VIM 
(SPM T-contrast on 36 functional connectivity maps), shown at a statistical threshold of 
p<0.001 uncorrected (for graphical purposes), and overlaid onto the average normalized 
structural MRI scan of the 36 subjects. Panel A also shows the regions displaying 
tremor-related activity in PD, i.e. the motor cortex (MC, in blue) and the cerebellum (CBLM, 
in green). Panels B and C show the connectivity strength (on the y-axis, mean ß-value ± 
SEM) between the left and right VIM (seed region, on the x-axis) and the left and right MC 
(colored bars in panel B) or CBLM (panel C). The connectivity strength between VIM and 
MC was modulated by the laterality of the regions [interaction between LATERALITY-SEED 
(left VIM, right VIM) and LATERALITY-ROI (left MC, right MC): F(1,35)=13.9; p=0.001]. This 
interaction was not significant for the CBLM (F<1). These results show strong inter-regional 
coupling in the VIM-MC-CBLM circuit of healthy subjects, an indication that this circuit is 
already present in the physiological state. Other regions showing functional connectivity 
with the bilateral VIM include the premotor cortex and the lower brainstem (inferior olive).
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Supp l. Table 1 Functional connectivity of the VIM in healthy subjects
This table lists the brain regions showing significant functional coupling with the VIM in 
the healthy control group (n=36). The top section of the table shows the results of a 
whole-brain random effects analysis (t-contrast over the combined left and right VIM 
regressors, see Suppl. Figure 3A). At this threshold, there were no brain regions where 
functional connectivity with the VIM in one hemisphere was larger than with the 
contralateral VIM. The middle and bottom sections show the results of an ROI analysis in 
the MC and CBLM (one-sample t-tests, one-tailed; see Suppl. Figure 3B-C). This analysis 
was done separately for the left VIM (middle section) and for the right VIM (bottom 
section). For each seed region (left VIM, right VIM), we also tested for stronger connectivity 
with the MC/CBLM in the ipsilateral hemisphere than in the contralateral hemisphere 
(using paired-samples t-tests, one-tailed).
Whole Brain Search (left/ right VIM)
Functional Region Hemisphere T-value p-value Local maximum
(FWE-corr) x y z
Premotor cortex L 8.6 <0.001 -32 -16 42
R 7.3 <0.001 3 -12 42
SMA L 7.0 <0.001 -6 -8 58
R 5.8 <0.001 8 -2 56
Lentiform nucleus L 9.2 <0.001 -26 6 12
R 8.6 <0.001 2 6 8
Medulla (inferior olive) B 10.4 <0.001 2 -30 -40
ROI analyses (left VIM)
Region of Interest Left Hemisphere Right Hemisphere Left > Right 
Hemi
T-value p-value T-value p-value T-value p-value
MC 4.6 <0.001 3.8 <0.001 2.0 0.028
CBLM 3.7 <0.001 4.1 <0.001 0.025 0.49
ROI analyses (right VIM)
T-value p-value T-value p-value T-value p-value
MC 3.8 <0.001 4.7 <0.001 -0.74 0.23
CBLM 4.4 <0.001 4.7 <0.001 0.41 0.34
159 keV photon energy-peak of iodine-123. Both heads performed a 180 degree 
circular motion and collected 64 projections (40 seconds per view) in a step-and-shoot 
mode using a 128 x 128 matrix with a zoom factor of 1.23. During scanning the 
patient's head was positioned in a head rest and the patient's head and shoulders 
were fixated to minimize m ovem ent during the scan. The radius of the detector orbit
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was kept as small as possible. Transaxial images were reconstructed using filtered 
back projection with post-reconstruction filtering (Butterworth 8th order, cutoff 0.6) 
w ithout attenuation correction. Registration and semi quantitative analysis were 
performed with a workstation (HERMES, Nuclear Diagnostics, Stockholm, Sweden).
DaT Image pre-processing: First, we co-registered each subject's DaT image to his or 
her structural MRI scan, normalized the structural MRI scan to MNI space [using unified 
segmentation; (Ashburner and Friston, 2005)] and applied the resulting normalization 
parameters to the DaT image, while correcting for volume changes induced by 
normalization. Second, we estimated the proportion of the signal caused by specific 
DaT binding (as opposed to activity caused by unbound or non-specifically bound 
FP-CIT). W e followed the method described by Scherfler and colleagues (Scherfler et 
al., 2005), which involves normalizing each voxel's raw signal (VT) by the signal in a 
region that is devoid of dopamine transporters (the occipital cortex, V2). In more detail, 
for each voxel we calculated the specific-to-nondisplaceable equilibrium partition 
coefficient (V"3), which is proportional to DaT density (Bmax) and can be calculated 
according to the equilibrium model introduced by Laruelle and colleagues (Laruelle 
et al., 1994). Under equilibrium conditions between a compartm ent with specific 
binding and a compartm ent representing non-specifically bound and free activity, V"3 
is proportional to Bmax given that both the dissociation constant and the volume of 
distribution of the V2 compartm ent is relatively invariant in the population. Under the 
assumption that the occipital region is devoid of dopamine transporters, the 
parameter V"3 can be computed for every voxel using the formula:
((counts per minute / voxel) VT-(counts per minute / voxel) V2)
(counts per minute / voxel) 1/2
Calculation o f striato-pallidal DaT binding: the procedure outlined above resulted in 
one V"3 image for each subject, normalized to MNI space. W e used this image to 
calculate the average amount of DaT binding in three basal ganglia regions: the 
pallidum, putamen and caudate nucleus. This was done separately for the least- and 
for the most-affected hemisphere. W e individually defined these regions for each 
patient, by applying an automated segmentation tool implemented in FSL [FIRST v1.1 ; 
www.fmrib.ox.ac.uk/fsl] to each subject's normalized structural MRI scan. This resulted 
in subject-specific segmented images of the left and right pallidum, putamen and 
caudate nucleus. W e overlaid these six images onto each subject's V"3 image, and 
calculated the average V"3 value for each region. By using patient-specific anatomical 
regions of interest, we avoided spatial smoothing of DaT (V"3) images that is normally 
done to accomm odate inter-individual anatomic variability (Scherfler et al., 2005). This 
was particularly relevant for the present study, because we wanted to spatially
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separate dopamine binding in the pallidum (where we expected tremor-related 
effects (Bernheimer et al., 1973;Mounayar et al., 2007)) from that in the neighboring 
putamen (where we did not expect tremor-related effects (Pirker, 2003;Spiegel et al., 
2007)). Furthermore, by using a procedure that accounts for inter-individual differences 
in subcortical anatomy, we expected to increase the reliability and sensitivity of our 
analyses as compared to procedures that use standard striatal templates (Spiegel et 
al., 2007). Finally, we compared these striato-pallidal values across groups and across 
hemispheres using ANOVA, and we correlated them with clinical disease severity 
scores using Pearson correlations (see manuscript).
Specificity o f the findings to the DaT: Since [I-123]FP-CIT binds not only to the dopamine 
transporter (DaT), but also to the serotonin transporter (SERT), it might be argued that 
the pallidal SPECT effects are driven by serotonergic instead of dopaminergic effects. 
There are several arguments that make this possibility highly unlikely. First, neuro- 
anatomical studies in primates show that the dopaminergic innervation of the 
pallidum is much denser than the serotonergic innervation (Charara and Parent, 1994). 
This indicates that the pallidal density of DaT is higher than that of SERT. Second, a 
post-mortem study in PD patients (Bernheimer et al., 1973) and an animal study in 
parkinsonian primates (Mounayar et al., 2007) have shown similar correlations between 
pallidal dopamine depletion and tremor severity as reported here. Crucially, in these 
studies more direct measures of dopamine were used, i.e. a dopamine metabolite 
[homovanillic acid, HVA; (Bernheimer et al., 1973)] and tyrosine hydroxylase (TH), an 
enzyme that converts the amino acid L-tyrosine to DOPA (Mounayar et al., 2007). This 
indicates that resting tremor severity is closely linked to pallidal concentrations of 
dopamine. Third, the isotope used here ([I-123]FP-CIT) has a 10 times higher affinity 
for the DaT than for the SERT (Booij et al., 2007). This indicates that the SPECT signal 
reported here predominantly reflects DaT (not SERT) density. Finally, the chosen 
temporal interval between injection of the isotope and performance of the SPECT 
scan (three hours) is optimized for imaging the DaT, but not the SERT [which has 
optimal binding with the isotope ~one hour after injection (Booij et al., 2007)]. 
Together, these considerations strongly argue that the effects we observe are driven 
by dopaminergic, not serotonergic, mechanisms.
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Supp l. Fig 4 Imaging of the dopamine transporter (DaT) in the caudate
This figure shows the amount of pre-synaptic DaT binding (using [i-123]FP-CIT SPECT) in 
the caudate (panel A, in blue), separately for tremor-dominant (TD) and non-tremor PD 
patients (NT), and for the most- (black) and least-affected hemisphere (gray). DaT binding 
for the putamen and pallidum is shown in Figure 3. The caudate was defined based on 
each patient's structural MRI scan (panel A). We overlaid these images onto each patient's 
SPECT scan (panel B), and calculated the average DaT binding across the whole caudate, 
separately for each hemisphere. Panel C shows regional DaT binding (on the y-axis, mean 
V”3 ± SEM) for each PD group and each hemisphere. Panel D shows the correlation 
between regional DaT binding (on the x-axis, difference between both sides, A-V”3) and 
bradykinesia severity (on the y-axis, difference between both sides, A-UPDRS). Panel E 
shows the correlation between regional DaT binding and resting tremor severity (on the 
y-axis, difference between both sides, A-TRS). These data show that dopamine depletion 
in the caudate (and the putamen) explains the severity of bradykinesia, but not tremor. 
Abbreviations as in Figure 3.
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Motor imagery evokes increased 
somatosensory activity in Parkinson's 
disease patients with tremor
Abstract
Parkinson's disease (PD) is surprisingly heterogeneous: some patients have a prominent 
resting tremor, while others never develop this symptom. Here we investigate whether 
the functional organization of the voluntary motor system differs between PD patients 
with and w ithout resting tremor, and whether these differences relate to the cerebral 
circuit producing tremor. W e compared 18 PD patients with marked tremor, 20 PD 
patients w ithout tremor and 19 healthy controls. Subjects performed a controlled 
motor imagery task during fMRI scanning. W e quantified imagery-related cerebral 
activity by contrasting imagery of biomechanically difficult and easy movements. 
Tremor-related activity was identified by relating cerebral activity to fluctuations in 
tremor amplitude, using electromyography during scanning. PD patients with tremor 
had better behavioral performance than PD patients w ithout tremor. Furthermore, 
tremulous PD patients showed increased imagery-related activity in somatosensory 
area 3a, as compared to both healthy controls and to non-tremor PD patients. This 
effect was independent from tremor-related activity, which was localized to the 
motor cortex, cerebellum, and thalamic ventral intermediate nucleus (VIM). The VIM, 
with known projections to area 3a, was unique in showing both tremor- and imagery- 
related responses. W e conclude that parkinsonian tremor influences motor imagery 
by modulating central somatosensory processing through the VIM. This mechanism 
may explain clinical differences between PD patients with and w ithout tremor.
Published as:
Helmich RC, Bloem BR, Toni I (2011) Motor imagery evokes increased somatosensory activity in 
Parkinson's disease patients with tremor. Human Brain Mapping, in press.
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Introduction
Parkinson's disease (PD) is a surprisingly heterogeneous disorder. The classical triad of 
symptoms includes resting tremor, bradykinesia and rigidity, but the expression of 
these symptoms varies markedly between patients (Lewis et al., 2005;Jankovic et al., 
1990). For instance, while the phenotype of some PD patients is dictated by an early 
and prominent resting tremor (tremoulous PD), approximately 25% of PD patients 
never develop this symptom [non-tremor PD; (Hoehn and Yahr, 1967)]. A large body of 
evidence suggests that the tremulous subtype is more benign than the non-tremor 
subtype, as evidenced by slower progression of motor symptoms (Josephs et al., 
2006;Louis et al., 1999), better motor planning abilities (Vakil and Herishanu-Naaman,
1998) and less cognitive dysfunction (Alves et al., 2006;Burn et al., 2006). Thus, while 
PD patients with tremor have an additional symptom, they generally follow a more 
benign clinical course than PD patients w ithout tremor.
These clinical findings suggest that different pathophysiological or compensatory 
mechanisms are involved in these PD subtypes, but clear evidence is lacking. Here we 
address this issue by focusing on the voluntary motor system, which harbors the core 
pathophysiological substrate of PD (Marsden, 1982). We consider two possible 
hypotheses. First, pathological differences between PD patients with and without 
tremor could lead to altered processing in planning-related brain regions, 
independently from the pathological changes that produce tremor. Specifically, 
post-mortem work has shown that non-tremor PD patients have more severe loss of 
dopaminergic neurons in the ventrolateral midbrain that projects to the posterior 
putamen (Jellinger, 2002). This could lead to impaired processing in regions 
anatomically connected to this striatal subregion, for example the premotor cortex 
(Parent and Hazrati, 1995;Takada et al., 1998). Second, the presence of resting tremor 
could by itself change the functional organization of the cerebral motor system. 
Specifically, resting tremor has been linked to a cerebral circuit involving the anterior 
cerebellum (Deiber et al., 1993;Fukuda et al., 2004), the thalamic ventral intermediate 
nucleus [VIM; (Benabid et al., 1991;Lenz et al., 1994)], and the primary motor cortex [M1; 
(Fukuda et al., 2004). M1 and the anterior cerebellum are also involved in motor 
execution (Hanakawa et al., 2003;Stoodley and Schmahmann, 2009), while the VIM is 
involved in voluntary action planning (Paradiso et al., 2004) and it relays afferent input 
to somatosensory area 3a (Padberg et al., 2009). Thus, tremor-related responses in this 
circuit may influence voluntary action planning by interfering with central motor 
commands or by altering central somatosensory processing. This hypothesis predicts 
that PD patients with resting tremor show a spatial overlap between tremor- and 
planning-related cerebral responses during voluntary action planning.
We investigate these hypotheses using an experimental design with three key 
features. First, we compared two carefully matched groups of PD patients that had
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either absent or prominent resting tremor, but who all displayed similar levels of 
akinesia and rigidity. Second, in order to reliably distinguish between the cerebral 
underpinnings of tremor and voluntary action planning, it is important to use a motor 
task that does not generate motor output itself. This separation is necessary because 
motor execution and tremor inevitably interact in the corticospinal tract. Furthermore, 
somatosensory afferences related to execution and tremor can compete in the 
peripheral nervous system (Jones et al., 1989). These interdependencies make it 
difficult to attribute cerebral differences between PD subtypes to either central or 
peripheral mechanisms. Here we circumvented this problem by using a validated and 
well-controlled motor imagery task that does not activate the corticospinal tract, and 
that produces no afferent feedback (Parsons, 1987;Helmich et al., 2009). This approach 
is justified by empirical evidence showing that motor imagery is sensitive to motor 
control variables (de Lange et al., 2006;Gentili et al., 2004), and that it uses neural 
operations involved in action planning (Cisek and Kalaska, 2004). Third, we wanted to 
quantify cerebral activity related to tremor itself. For this purpose, we localized 
tremor-related brain activity by measuring fluctuations in tremor amplitude with 
surface electrom yography (EMG) during scanning (Helmich et al., 2010). This design 
led to the segregation of three different patterns of cerebral activity: (1) brain regions 
where PD patients with and w ithout tremor have different responses during motor 
imagery; (2) brain regions involved in tremor-related processing (this is indexed by 
cerebral activity co-fluctuating with tremor amplitude); and (3) brain regions showing 
both tremor-related responses and motor imagery-related activity.
Methods
Subjects
W e included three carefully matched groups of 19 healthy controls (12 men, aged 58.6 
± 7.9 years; mean ± SD) , 18 tremulous PD patients (10 men, 56.7 ±10.0 years) and 20 
non-tremor PD patients (16 men, 59.1 ± 9.4 years). The distributions of age and gender 
were not significantly different between the three groups (p=0.69 and p=0.27, 
respectively). For further group characteristics and statistics, see Table 1 and Suppl. 
Table 1. All subjects gave written informed consent according to institutional 
guidelines of the local ethics comm ittee (CMO region Arnhem-Nijmegen, Netherlands). 
All subjects were right-handed. Patients were included when they had idiopathic PD, 
diagnosed according to the UK Brain Bank criteria by an experienced movement 
disorders specialist (BR Bloem). The most important inclusion criterion was either clear 
presence or absence of resting tremor. Tremulous PD was defined as a Unified 
Parkinson's Disease Rating Scale (UPDRS) resting tremor score of > 2 for at least one 
hand during physical examination, and an obvious history of resting tremor.
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Non-tremor PD was defined as a UPDRS resting tremor score of 0 for each hand during 
physical examination and no history of resting tremor. The severity of action and 
postural tremor played no role in the definition of the two PD groups. Exclusion 
criteria were: clinical signs of dementia, other neurological diseases, and general 
exclusion criteria for MRI scanning (such as claustrophobia, pace-maker, and implanted 
metal parts). Before scanning, the patients' disease severity was assessed by one 
examiner (RC Helmich) using the Hoehn & Yahr stages and the UPDRS. Tremor severity 
was assessed using Part A of the Fahn-Tolosa-Marin Tremor Rating Scale (TRS), which 
involves a clinical score of 0 - 4 points for each extremity (hands and feet, left and 
right), separately for resting, postural and action tremor (Stacy et al., 2007). Cognitive 
function was assessed with the Frontal Assessment Battery [FAB; (Dubois et al., 2000)]. 
W e also collected the Dutch version of the Barratt Impulsiveness Scale (BIS-11) (Patton 
et al., 1995) in a subset of PD patients (15 tremulous PD and 17 non-tremor PD). 
The BIS-11 is 30-item questionnaire concerning control of thoughts and behavior. The 
scale is based on a tri-factor model of impulsivity measuring: (a) "motor impulsiveness” 
measured by 11 items (e.g., I do things w ithout thinking); (b) "attentional impulsiveness” 
measured by 8 items (e.g., I do not pay attention); (c) "non-planning impulsiveness” 
measured by 11 items (e.g., I plan tasks carefully). Twelve patients did not use any 
Parkinson medication; the others used dopaminergic medication (levodopa or dop- 
amine-agonists). The amount of dopaminergic medication [expressed as the levodopa 
equivalent daily dose; LEDD; (Wenzelburger et al., 2002)] was not significantly different 
between both PD groups (Table 1). The experiments were performed in the morning, 
and the patients were asked not to take their medication the evening before the 
experiment. Thus, they were all off-medication for at least 12 hours during the 
experiment [i.e. in a practically defined off-condition; (Langston et al., 1992)].
Age was compared across the three groups using a one-way analysis of variance 
(ANOVA). Gender was compared using a chi-square test. Disease characteristics were 
compared across the two PD groups using two-sample t-tests. First, we compared the 
severity of tremor symptoms across groups by using the resting, action and postural 
tremor scores from the TRS part A, separately for each type of tremor. Second, we 
compared non-tremor symptoms across groups by using different items from the 
UPDRS-III. W e divided the total UPDRS score into four different sub-scores (Stochl et 
al., 2008): bradykinesia of the extremities (sum of items 23-26), rigidity (item 22), 
speech/hypomimia (sum of items 18-19) and axial/gait bradykinesia (sum of items 
27-31).
M otor Im agery
Experimental Design: W e evoked and quantified motor imagery on a trial-by-trial basis 
by using the laterality judgm ent task (Parsons, 1987). During this task, subjects were 
presented with pictures of hands and feet (Fig 1a), and they were required to judge
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whether the presented stimulus depicted a left or a right body part. Importantly, 
stimuli could be shown in a biomechanically easy or difficult orientation. 
Biomechanically easy stimuli consisted of hand stimuli where the fingers pointed 
medially and of foot stimuli where the toes pointed upwards (both with respect to 
the vertical body axis). Biomechanically difficult stimuli consisted of hand stimuli 
where the fingers pointed laterally and of foot stimuli where the toes pointed 
downwards. By comparing these conditions (biomechanically difficult vs. easy), we 
were able to identify the network that is specifically involved in imagined movements, 
while avoiding the interpretational and methodological problems that arise when 
using a secondary task to control for visuospatial processes only loosely related to 
movem ent simulation (de Lange et al., 2006;Parsons, 1987;Helmich et al., 2007). 
Because both sets of stimuli are matched for visual complexity and rotation (with 
respect to the canonical stimulus position), this procedure inherently controls for 
effects related to stimulus presentation, mental rotation/visual imagery, and response 
delivery. Thus, we used this experimental manipulation to assess the behavioral and 
cerebral correlates of action planning. For each orientation, the hand- and foot-stimuli 
could be shown in four different rotations (45°, 75°, 105° and 135°) and in two different 
views (hands: palmar or radial view; feet: lateral or medial view). Stimulus rotation and 
stimulus view  were not of primary interest for this study, but their inclusion in the 
experimental design was important to ensure that subjects used motor imagery to 
solve the laterality judgm ent task, rather than alternative processes like spatial 
mappings between position of a stimulus feature and laterality. This yielded a total of 
64 different stimuli (total of 640 trials during the whole fMRI experiment).
Experimental Procedures: Subjects started with a training session outside the 
scanner until they could perform the task (see Supplem entary Material). The task in 
the scanner was divided in two consecutive sessions of ~30 minutes each, with a 
break of ~15 minutes in between. Subjects were lying supine, facing the bore of the 
magnet, unable to see their hands. The stimuli were presented via a mirror onto a 
screen, using Presentation software (Neurobehavioral systems, Albany, USA). The 
stimuli subtended a visual angle of <5°. Each trial started with the fixed presentation 
of the stimulus for 700 ms, followed by a variable response w indow  (tailored to the 
individual's reaction times), and it ended with a variable inter-trial interval that was 
randomly jittered between 2000 and 3000 ms (Fig 1b). Subjects responded to left and 
right body parts by making a saccade to a target depicted on the left or on the right 
side of the screen (eccentricity of ~9°). Eye movements were monitored using a 
video-based infrared eyetracker (Sensomotoric Instruments, Berlin, Germany). By 
using saccades as response modality, we minimized interferences between resting 
tremor, motor imagery and button presses. The subjects' trial-to-trial reaction times 
(RT; defined as the time between stimulus onset and onset of the saccade) were 
calculated off-line using custom-made Matlab software (MathWorks, Natick, MA).
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Figure  1 Experimental design
Panel A: Experimental conditions. Subjects were presented with a picture of a hand or a 
foot, and they were asked to judge whether it represented a left or a right body part. 
There were two levels of motor planning difficulty, depending on the biomechanical 
complexity of the imagined movement towards the position indicated by the stimulus. 
Panel B: Time course of one trial. The star indicates the fixation point; the crosses on the 
left and on the right indicate the targets for the saccade used by the subjects to respond 
during the imagery task. The drawings in panels A and B illustrate representative stimuli 
configurations sampled from the set of 64 pictures used in this study.
Following visual inspection of each trial, saccade onset was defined as the first time 
point (since trial onset) at which the change in pupil position (first temporal derivative) 
was larger than 3 standard deviations (SD) above the mean.
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Behavioral analyses: We analyzed the influence of factors GROUP (controls, 
tremulous PD, non-tremor PD), EFFECTOR (hand, foot), and ORIENTATION (bio- 
mechanically easy, difficult) on median reaction times (RT) and on normalized error 
rates [ER; arcsine transformation; (Sheskin, 2003)], using three-way repeated measures 
ANOVA on the behavioral data collected during scanning. Alpha-level was set at 
p=0.05.
fM RI image acquisition and preprocessing
Functional images were acquired on a Siemens TRIO 3 T MRI system (Siemens, 
Erlangen, Germany) equipped with echo planar imaging (EPI) capabilities, using an 
eight-channel head coil for radio frequency transmission and signal reception. Blood 
oxygenation level-dependent (BOLD) sensitive functional images were acquired using 
a single shot gradient EPI-sequence [TE/TR = 30/2380 ms; 35 axial slices, voxel size = 
3.5 x 3.5 x 3.0 mm; inter-slice gap of 0.5 mm; field of view  (FOV) = 224 mm. High-reso- 
lution anatomical images were acquired using an MP-RAGE sequence (TE/TR = 
2.92/2300 ms; voxel size = 1.0 x 1.0 x 1.0 mm, 192 sagittal slices; FOV = 256 mm; 
scanning time ~5 minutes).
All data were preprocessed and analyzed with SPM5 (Statistical Parametric 
Mapping, www.fil.ion.ucl.ac.uk/spm). First, functional EPI images were spatially 
realigned using a least squares approach and a 6 parameter (rigid body) spatial 
transformation (Friston et al., 1995). Subsequently, the time-series of each voxel was 
realigned temporally to acquisition of the first slice (slice time correction). Anatomical 
images were spatially co-registered to the mean of the functional images (Ashburner 
and Friston, 1997) and segmented using a unified segmentation approach. The 
resulting transformation matrix was then used to normalize the anatomical and 
functional images. The normalized functional images were resampled at an isotropic 
voxel size of 2 mm and smoothed with an isotropic 8 mm full-width-at-half-maximum 
(FWHM ) Gaussian kernel.
Analysis o f task-related cerebral effects
General Linear Model: The preprocessed fMRI time series was analyzed at the first level 
using an event-related approach in the context of the General Linear Model (GLM). 
The GLM considered the factors LATERALITY (left, right), EFFECTOR (hand, foot) and 
ORIENTATION (biomechanically easy, difficult), leading to eight different conditions. 
Trials were modeled as square-wave functions time-locked to stimulus onset, and 
durations corresponding to the mean reaction time across all imagery trials of the 
subject. The effect of stimulus ROTATION on cerebral activity was separately modeled 
for each condition using a linear basis function (parametric modulation with four 
levels corresponding to 45°, 75°, 105° and 135°). In addition, our first-level model 
included separate regressors of no interest: two regressors modeling incorrect and
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missed trials, tw o regressors describing the signal intensity averaged on each scan 
over the segmented white matter and over a blank portion of the MR images (Out of 
Brain signal, OOB), and 36 regressors describing head motion [linear, quadratic and 
cubic effects of the 6 m ovem ent parameters belonging to each volume and also the 
first derivative of each of those regressors, to control for spin-history effects; (Lund et 
al., 2005)]. In PD patients with tremor, we also included a regressor modeling the 
changes in tremor amplitude during scanning (see below). Parameter estimates for all 
regressors were obtained by maximum-likelihood estimation, while using a temporal 
high-pass filter (cut-off 128 sec), and modeling temporal autocorrelation as a first-order 
auto-regressive -AR(1)- process. At the first level, we defined a contrast that combined 
left and right stimuli for each effector and orientation, and the four resulting contrast 
images (hand-easy; hand-difficult; foot-easy; foot-difficult) were taken to the second 
level and entered into a full factorial repeated measures ANOVA with factors GROUP, 
EFFECTOR and ORIENTATION. Although the gender distribution was not significantly 
different between groups, we added this information as a covariate to the second 
level analysis, to correct for possible gender-related cerebral differences during motor 
imagery (Seurinck et al., 2004).
Region o f interest (ROI) analysis: Besides a whole brain search, we also performed 
an ROI analysis on the bilateral dorsal premotor cortex (PMd). This was done because 
we expected subtype-specific differences in the PMd, as outlined in the introduction, 
and because the PMd plays a dominant role in motor imagery, as previsouly shown 
(Cisek and Kalaska, 2004;de Lange et al., 2006;Johnson et al., 2002). Specifically, we 
took the PMd coordinates from a previous study that performed the same motor 
imagery task in healthy subjects [MNI coordinates, left PMd: [-24 - 8 54]); right PMd: [30 
-8 56]; (de Lange et al., 2006)], and we searched for altered imagery-related activity in 
tw o spheres of 10 mm radius around these coordinates.
Correlation with disease duration: Based on the finding that motor symptoms 
progress more slowly in tremor-dominant than in non-tremor patients (Jankovic and 
Kapadia, 2001), we quantified the effect of disease duration on cerebral activity. This 
was done for brain regions with differential group effects (i.e. left PMd, left/right BA3a, 
left OP4). Thus, for each group we calculated a Spearman's rho coefficient (two-tailed) 
between disease duration and imagery-related activity (difference between beta 
value for biomechanically difficult vs. easy trials).
Analysis o f tremor-related cerebral effects
During MR scanning, we measured activity in the extensor digitorum communis (EDC) 
or flexor carpi radialis (FCR) muscle (depending on the tremor characteristics) of the 
most-affected forearm of each PD patient. The same was done for the right FCR in 17 
out of 19 healthy controls. W e used these data for the following purposes. First, by 
testing for brain responses temporally correlated to fluctuations in tremor power, we
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could investigate the cerebral network involved in tremor genesis. Specifically, for 
each tremulous PD patient we determined the individual "tremor frequency" (Fig. 4a) 
and extracted the EMG power at this frequency. This produced a regressor describing 
the scan-by-scan fluctuations in tremor-related EMG power. After normalization and 
convolution with the hem odynam ic response function (hrf; Fig. 4b), we added this 
regressor to the first-level model described above. For each patient, this produced 
one contrast image representing tremor amplitude-related effects. To calculate 
effects over the whole group, we re-oriented these contrast images such that the left 
side was always the most-affected side. This was done because all patients had an 
asymmetric tremor (Suppl. Table 1), but they were not all affected on the same side. 
Then we tested for significant tremor-related effects over the whole brain, by 
performing a one-sample t-test. In addition, we used a more sensitive within-patients 
comparison to detect tremor-related effects, i.e. we compared tremor-related 
responses between homotopic regions in the most- and least-affected hemisphere. 
W e applied this procedure to: (1) the tremor-related regions localized above; (2) 
regions where we expected tremor-related responses [primary somatosensory cortex, 
using anatomical ROI's of BA1, 2, 3a, and 3 b from the Anatomy Toolbox; (Eickhoff et al., 
2005)]; (3) tw o control regions where we expected no tremor-related effects [visual 
cortex: BA17 and 18; (Eickhoff et al., 2005)]. Finally, by comparing averaged EMG power 
between groups and task conditions (using the same statistical model as for RT), we 
could rule out that subjects made actual movements during the motor imagery task, 
and we could test whether tremor amplitude of tremulous PD patients increased as a 
function of the task conditions. For further details, see Supplem entary Material.
Analysis o f overlapping task- and tremor-related cerebral effects
In tremulous PD patients, we searched for regions showing both task-related effects 
(as indexed by larger activity for biomechanically difficult vs. easy trials) and 
tremor-related effects (as indexed by co-fluctuations between cerebral activity and 
tremor amplitude). Thus, we entered these two sets of contrast images into a second 
level analysis (full factorial model). All images were re-oriented such that the left side 
was always the most-affected side. We then performed a formal conjunction analysis 
on these two conditions (Nichols et al., 2005), and searched for cerebral effects in the 
bilateral motor cortex, cerebellum and VIM (i.e. ROI analysis in areas with significant 
tremor-related effects, shown in Fig. 4c).
Statistical Inference
Statistical inference was performed at the cluster-level, using a threshold of p<0.05 
corrected for multiple comparisons over the whole brain, on the basis of an intensity 
threshold of t>3.1 (Friston et al., 1996). W e applied the Non-Stationary Cluster Extent 
Correction for SPM toolbox (http://fmri.wfubmc.edu/cms/NS-General) to calculate
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cluster-level statistics for F-contrasts. Following significant interactions between 
groups and conditions (whole-brain corrected), we calculated the average beta values 
across these clusters using MarsBar [http://marsbar.sourceforge.net], and performed 
further statistical testing on these values in SPSS 15.0. Finally, when performing 
analyses in regions of interest (e.g. in the PMd), we applied a voxel-level family-wise 
error (FWE) correction within these search volumes.
Results
Clinical characteristics
PD patient with and w ithout tremor were matched for general disease severity 
(duration, total UPDRS, H&Y scale, FAB, BIS-11; see Table 1). Bradykinesia and rigidity 
scores were also similar across groups. PD patients with tremor had significantly more 
resting and postural tremor than the non-tremor group, while action tremor severity 
did not differ between groups. In contrast, non-tremor PD patients had significantly 
more axial and gait symptoms, as well as symptoms related to speech and hypomimia. 
This is consistent with the clinical characteristics of these subtypes (Jankovic et al., 
1990).
Behaviora l results
Reaction times: Overall, patients and controls were equally fast in responding (no main 
effect of GROUP: F(1,54)=0.14; p=0.87). All groups were significantly slower for motor 
imagery of biomechanically difficult than easy trials (main effect of ORIENTATION: 
F(1,54)=109.0; p<0.001; Fig 2a-b). This effect was stronger for feet than for hands 
(EFFECTOR x ORIENTATION interaction: F(1,54)=58.0; p<0.001), but clearly present for 
both effectors (main effect of ORIENTATION; hand stimuli: F(1,54)=36.2; p<0.001; foot 
stimuli: F(1,54)=112.8; p<0.001). The effects of biomechanical complexity were similar 
across groups (F<1 for all interactions with GROUP). These results indicate that all 
groups were sensitive to the biomechanical constraints associated with imaging hand 
and foot movements, i.e. the subjects used motor imagery to solve the task. All groups 
were equally fast for imagery of hand and foot movements (no main effect of 
EFFECTOR: F(1,54)=1.2; p=0.28; no interaction with GROUP). Having used a task that 
patients can solve as well as controls, it becomes meaningful to compare cerebral 
responses across groups during performance of correct trials (Price and Friston,
1999).
Error rates: All groups adequately performed the task with low error rates of 
7.7±6.1% (controls), 11.7±7.9% (tremulous PD) and 14.0±9.6% (non-tremor PD; mean ± 
SD; no significant difference across groups). All groups made more errors for motor 
imagery of biomechanically difficult than easy trials (main effect of ORIENTATION:
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F(1,54)=109.6; p<0.001; Fig 2c-d); this effect was stronger for feet than for hands 
(EFFECTOR x ORIENTATION interaction: F(1,54)=32.5; p<0.001), but clearly present for 
both effectors (main effect of ORIENTATION; hand stimuli: F(1,54)=26.6; p<0.001; foot 
stimuli: F(1,54)=126.6; p<0.001). Contrary to the matched performance in terms of 
reaction times, we found that non-tremor PD patients had relatively high error rates 
specifically for imagery of biomechanically difficult hand movements (GROUP x 
EFFECTOR x ORIENTATION interaction: F(2,54)=3.3; p=0.045; hands: GROUP x 
ORIENTATION interaction: F(2,54)=6.1; p=0.004; feet: no GROUP x ORIENTATION 
interaction: F(2,54)=0.1; p=0.89). This pattern set the non-tremor PD group aside from 
both controls (hands; GROUP x ORIENTATION interaction: F(1,37)=9.7; p=0.004) and 
from PD patients with tremor (hand; GROUP x ORIENTATION interaction: F(1,36)=7.0; 
p=0.012).
fM RI results: m otor imagery-related effects
Shared cerebral activity across groups: In all three groups, we observed motor imagery- 
related activity in the bilateral dorsal premotor cortex (PMd), posterior parietal cortex, 
ventral premotor cortex, insula, pallidum, thalamus, cerebellum, occipito-temporal 
cortex, pre-SMA and the left dorsolateral prefrontal cortex (effect of ORIENTATION: 
biomechanically difficult > easy, conjunction analysis across groups (Nichols et al.,
2005); Fig 3a-b; Suppl. Table 2). This finding is consistent with previous studies that 
showed the involvement of this network in motor imagery, both in healthy subjects 
(de Lange et al., 2006) and in PD patients (Helmich et al., 2007). Furthermore, all groups 
showed effector-specific cerebral effects (hand vs. foot imagery; see Suppl. Material 
for details). Specifically, imagery of hands was associated with specific activity in 
lateral portions of Brodmann Area (BA) 3b and in BA17, while imagery of feet was 
associated with specific responses in dorso-medial BA6, the superior parietal lobule 
(SPL) and the inferior parietal cortex (IPC; Suppl. Fig. 1a-b). Furthermore, responses in 
BA3b, BA6 and IPC were sensitive to the laterality of the stimulus, such that activity in 
the right hemisphere was larger for imagery of left- than right-lateralized movements 
and vice versa (Suppl. Fig 1 c-f). This somatotopy strongly suggests that all subjects 
used first-person kinesthetic motor imagery to solve the task, rather than visual 
imagery.
Between-groups differential cerebral activity: There was a significant interaction 
between GROUP (controls, tremulous PD, non-tremor PD) and ORIENTATION (biom e­
chanically easy, difficult) in the somatosensory cortex both in the left hemisphere 
(local maximum at MNI [-34 -22 +38], 80 voxels; F=12.8, z=4.39; p=0.019 corrected) and 
in the right hemisphere (local maximum at MNI [+36 -20 +36], 69 voxels; F=13.7, z=4.57; 
p=0.047 corrected; Fig 3c-d). Anatomically, both regions could be assigned to BA3a 
with high probabilities of 70% (left hemisphere) and 90% [right hemisphere; (Eickhoff 
et al., 2005)]. In both regions, PD patients with tremor showed increased somatosensory
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Figure  2 Behavioral results: effects of biomechanical complexity
Reaction times (RT, in seconds; panels A-B) and error rates (ER, in %  correct; panels C-D) for 
biomechanically easy (gray bars) and difficult (black bars) conditions are shown separately for 
hand (panels A-C) and foot (panels B-D) trials, across the three different groups (x-axis). 
Subjects were consistently slower for biomechanically difficult (as compared to easy) trials; 
this effect was larger for foot than for hand stimuli, but it was equal across groups. Subjects 
made more errors for biomechanically difficult (as compared to easy) trials, and this effect 
was larger for foot than for hand stimuli. Non-tremor PD patients had relatively high error 
rates specifically for imagery of biomechanically complex hand movements. Controls = 19 
healthy controls; tremor = 18 PD patients with tremor; non-tremor = 20 non-tremor PD 
patients. In panel C, * indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001. BMC = 
biomechanical.
activity during biomechanically difficult (as compared to easy) trials (left BA3a: 
t(17) =-2.8, p=0.013; right BA3a: t(17)=-3.3, p=0.005), while controls showed decreased 
somatosensory activity during biomechanically difficult (as compared to easy) trials
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(left BA3a: t(18)=3.6, p=0.002; right BA3a: t(18)=3.4, p=0.003). This was visible in a 
significant GROUP (controls, tremulous PD) by ORIENTATION (biomechanically difficult, 
easy) interaction in both the left (F(1,35)=20.3, p<0.001) and the right (F(1,35)=22.2, 
p<0.001) BA3a. Conversely, non-tremor PD patients showed an absent modulation of 
somatosensory activity across biomechanically difficult or easy trials (left BA3a: 
t(19)=1.4, p=0.18; right BA3a: t(19)=-0.3, p=0.77). This was visible in a significant GROUP 
by ORIENTATION interaction with respect to the controls (left BA3a: F(1,37)=5.9, 
p=0.020; right BA3a: F(1,37)=8.8; p=0.005) and the tremulous PD patients (left BA3a: 
F(1,36)=8.9, p=0.005; right BA3a: F(1,36)=6.1; p=0.018). In contrast to the effects seen in 
BA3b, responses in the left and right BA3a were not sensitive to the laterality of the 
stimulus (left or right; see Suppl. Fig. 2). Since non-tremor PD patients had enhanced 
error rates during hand imagery (Fig. 2), it might be argued that their absent 
modulation of BA3a activity by biomechanical complexity was driven by task 
disengagement. This possibility is unlikely, however, because the somatosensory 
effects were present for both hand and foot imagery, and because these effects were 
present for non-tremor subgroups with high and low error rates (Suppl. Fig. 3).
In addition to these effects in primary somatosensory cortex, there was a strong 
trend towards a GROUP x ORIENTATION interaction in the left secondary somatosensory 
cortex (local maximum at MNI [-58 -10 +12], 133 voxels; F=10.6, z=3.83; p=0.070 
corrected; Fig 3a,e). Anatomically, this region could be assigned to the parietal 
operculum (OP4) with a probability of 60% (Eickhoff et al., 2005). Within this region, 
controls showed decreased cerebral activity during biomechanically difficult (as 
compared to easy) trials (t(18)=-8.0, p<0.001), while both PD groups showed an absent 
modulation of OP4 activity (tremulous PD: t(17)=0.31, p=0.77; non-tremor PD: 
t(1,19)=1.4, p=0.18). There were no brain regions where orientation-related activity 
changed as a function of both effector and group, indicating that the differences 
between patients and controls generalized to imagery of both hand and foot 
movements.
Finally, we searched for group differences in the bilateral premotor cortex [based 
on ROIs from (de Lange et al., 2006)]. Our results demonstrate a strong trend towards 
a GROUP (controls, tremulous PD, non-tremor PD) by ORIENTATION (biomechanically 
easy, difficult) interaction in the left PMd (MNI coordinate: [-20 -12 46]; F=7.6; z=3.2; 
p=0.069, FWE-corrected; Fig 3 f-g). Direct t-tests between groups revealed significantly 
larger effects of biomechanical complexity in controls than in non-tremor PD 
patients (T=3.9; p=0.009, FWE-corrected), while PD patients with tremor showed an 
intermediate pattern that was not significantly different from the other two groups 
(p>0.2). Imagery-related activity in the left PMd decreased with disease duration in 
the non-tremor group (p= -.50; p=0.024; Fig. 3h), but not in the tremulous PD group 
(p=.03; p=0.91; Fig. 3i). There were no significant group-differences in the right PMd.
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Figure  3 Motor imagery-related brain activity
Panels A and B show shared motor imagery-related activity between the three groups. 
In panel A, the statistical parametric map (SPM, in yellow) of the t-contrast: 'biomechanically 
difficult > easy” [conjunction analysis over all groups; (Nichols et al., 2005)] is shown at an 
uncorrected threshold of p<0.001 (for graphical purposes). In panel B, imagery-related cerebral 
activity (mean beta values ± SEM, on the y-axis) is plotted for the superior parietal lobule (SPL), 
shown separately for biomechanically easy and difficult conditions (colored bars) and across 
the three groups (x-axis). Panels C-G show differential motor imagery-related activity between 
the three groups. In panels D and F, the SPM of the F-contrast: 'GROUP x ORIENTATION 
interaction” is shown at an uncorrected threshold of p<0.001 (for graphical purposes), 
superimposed on three coronal sections of a representative brain of the MNI series. Panels C, E 
and G show the effects size (mean beta values ± SEM, on the y-axis) of imagery-related cerebral 
activity in the left BA3a (panel C), left OP4 (panel E) and left PMd (panel G), plotted separately 
for biomechanically easy and difficult conditions (colored bars) and across the three groups 
(x-axis). Panels H and I show that imagery-related activity in the left PMd (difference between 
beta values for biomechanically difficult and easy trials, on the y-axis) decreased as a function 
of disease duration (in years, on the x-axis) for non-tremor PD patients (panel H), but not for PD 
patients with tremor (panel I). In panels C, E and G, * indicates p<0.05, ** indicates p<0.01 and 
*** indicates p<0.001. NS indicates no significant difference. BA = Brodmann area. Other 
conventions as in Figure 2.
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Figure  4 Tremor-related brain activity
Panel A shows rectified EMG power (y-axis) as a function of frequency (x-axis), averaged across 
18 PD patients with tremor (in red), 17 controls (in violet) and 20 non-tremor PD patients (in 
blue). For each patient, a regressor describing scan-by-scan variations in EMG power at tremor 
frequency (~4-5 Hz) was used to localize brain regions with tremor-related responses (i.e. 
regions where cerebral activity co-fluctuated with tremor amplitude). Panel B illustrates this 
procedure for one patient, over a period of 260 scans (~10 minutes, on the x-axis). In this patient, 
cerebral activity in the contralateral motor cortex (M1, blue line, time course filtered at f>0.008 
and z-normalized) was correlated with tremor amplitude (black line, z-normalized). Panel C 
shows the anatomical distribution of tremor amplitude-related brain activity (in cyan, SPM of a 
t-contrast across 18 PD patients with tremor, shown at an uncorrected threshold of p<0.001).
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The left side represents the side contralateral to the tremulous hand. In purple, the homotopic 
regions in the other (least-affected) hemisphere are shown. Panel D shows the tremor-related 
responses (mean beta values ± SEM, on the y-axis) for the motor cortex (MC, BA4a/6), 
ventrolateral thalamus (VIM nucleus) and cerebellum (CBLM), separately for the most-affected 
hemisphere (blue bars) and for the least-affected hemisphere (purple bars). Panel E shows that 
the imagery-related effects in BA3a (in red, same contrast as in Fig. 3D) are independent from 
the tremor-related effects in neighboring BA4a/6 (in blue, same contrast as in panel C). That is, 
imagery-related brain activity was significantly larger in BA3a than in BA4a/6 (left two bars, 
the y-axis shows the difference between biomechanically difficult and easy conditions; average 
± SEM). Conversely, tremor-related brain activity was significantly larger in BA4a/6 than BA3a 
(right two bars, the y-axis shows the average beta value ± SEM). Panel F shows rectified EMG 
power (average ± SEM, on the y-axis) during imagery of biomechanically easy and difficult 
movements (colored bars), across the three groups (x-axis). The results show increased EMG 
activity in PD patients with tremor compared to controls and non-tremor PD patients, but EMG 
power was not modulated by the biomechanical complexity (BMC) of the imagined movement. 
Other conventions as in Figures 2 and 3.
fM RI results: tremor-related cerebral activ ity
In tremulous PD patients, EMG bursts were observed at a typical tremor frequency of 
4-5 Hz (Fig. 4a). W e used scan-by-scan fluctuations of EMG power at the patient- 
specific tremor frequency to localize tremor-related cerebral responses, operationalized 
as those regions where activity co-fluctuated with variations in tremor amplitude 
(Fig. 4b). W e performed four different analyses.
First, we conducted a whole-brain search for tremor-related cerebral regions. 
This revealed three significant areas Fig. 4c): the precentral gyrus contralateral to 
the tremulous limb (MNI [±28 -26 +60], 401 voxels, T=8.39, p<0.001 corrected), 
the contralateral thalamus (MNI [±16 -18 0], 138 voxels, T=5.53, p=0.029 corrected) and 
the ipsilateral cerebellum (MNI [±6 -56 -24], 930 voxels, T=6.09, p<0.001 corrected). 
The local maximum of the precentral cluster was located at the border of BA 4a and 6, 
with a probability of 40%  for either BA (Eickhoff et al., 2005). The local maximum of the 
thalamic cluster was located in a region that is anatomically connected to the primary 
motor, somatosensory and premotor cortices [(Behrens et al., 2003); [http://www. 
fmrib.ox.ac.uk/connect]. Since the VIM is situated in this region of the thalamus 
(Fukuda et al., 2004), and generally thought to play a dominant role in the generation 
of resting tremor (Benabid et al., 1991;Lenz et al., 1994), we labeled this cluster 
accordingly. The cerebellar cluster was located in lobules IV and V (Diedrichsen et al., 
2009), in a region that is consistently activated during various sensorimotor tasks 
(Stoodley and Schmahmann, 2009). The involvement of these three regions in resting 
tremor is consistent with previous PET studies (Fukuda et al., 2004;Kassubek et al., 2001).
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Second, since all tremulous PD patients had a more pronounced tremor on one 
hand than the other, we directly compared tremor-related responses between 
homotopic regions in the most- and least-affected hemisphere. This revealed 
significantly larger tremor-related responses in the most- than least-affected motor 
cortex [t(17)=3.8, p<0.001], VIM [t(17)=3.1; p=0.003] and cerebellum [t(17)=-4.3; p<0.001; 
Fig. 4c-d]. Furthermore, using this sensitive within-patients comparison, we found 
significantly larger tremor-related responses in the most- than least-affected 
somatosensory cortex (BA1: t(17)=2.6, p=0.017; BA3a: t(17)=2.7, p=0.016; BA3b: t(17)=2.9, 
p=0.011; Suppl. Fig. 3b), but no asymmetry in the visual cortex (BA17: p=0.26; BA18: 
p=0.46; Suppl. Fig. 3c).
Third, given the close proximity between tremor-related responses in BA4a/6 (Fig. 
4c) and task-related responses in BA3a (Fig. 3c), we wanted to rule out that these 
effects were part of one underlying pattern. Accordingly, we directly compared 
tremor- and task-related activity (factor PROCESS) across the two clusters (factor 
REGION, i.e. BA3a and BA4a/6, both calculated for the most-affected hemisphere) and 
found a double dissociation in their activity patterns (PROCESS x REGION interaction: 
F(1,17)=31.1, p<0.001; Fig 4e). Thus, while tremor-related responses were significantly 
larger in BA4a/6 than in BA3a (t(17)=-7.3, p<0.001), the opposite was true for task-related 
processing (t(17)=3.9, p=0.001). It should be noted, however, that these differences in 
BA3a occurred in the context of significant tremor-related effects (t(17)=2.0; p=0.031, 
one-tailed) and task-related effects (t(17)=2.7; p=0.008, one-tailed), as expected on 
the basis of our previous findings (Fig. 3d and Suppl. Fig. 3 b).
Fourth, we calculated the average EMG power for each trial to test whether resting 
tremor amplitude was modulated by the task conditions. Tremulous PD patients 
showed significantly higher EMG activity than the other tw o groups (main effect of 
GROUP: F(2,49)=11.7, p<0.001, controls vs. tremulous PD: p=0.001; non-tremor PD vs. 
tremulous PD: p=0.001; two-sample t-tests; Fig. 4f), while controls and non-tremor PD 
patients showed similar EMG activity (p=0.38). Crucially, EMG activity did not differ 
across conditions (F<2) and these effects were similar across groups (all interactions 
with GROUP: F<2). This indicates that altered imagery-related brain activity across 
groups cannot be explained by actual movements or by task-related changes in 
tremor amplitude.
fM RI results: overlap betw een tremor- and m otor imagery-related 
cerebral activ ity
In tremulous PD patients, we tested for cerebral regions showing both tremor-related 
responses (indexed by the EMG amplitude regressor) and imagery-related activity 
(indexed by a contrast between biomechanically difficult and easy trials), using a 
conjunction analysis of both contrasts (Nichols et al., 2005). This revealed significant 
effects in the most-affected VIM (MNI coordinates: [±14 -22 +6], T=4.1; p=0.005 FWE
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Figure  5 Overlap between imagery- and tremor-related brain activity
Panels A-C show the anatomical distribution of tremor-related brain activity (in yellow, SPM 
of the t-contrast: "biomechanically difficult > easy”) and tremor-related brain activity (in red, 
SPM of the t-contrast: "tremor amplitude”) across 18 PD patients with tremor. Both contrasts 
are shown at a threshold of p<0.01 uncorrected, to best visualize the pattern of overlap and 
segregation. Panel A focuses on the motor cortex, panel B on the cerebellum and panel C on 
the thalamus. The results demonstrate that imagery- and tremor-related effects are clearly 
separated in the motor cortex and cerebellum, but that they overlap in the ventrolateral 
thalamus (orange voxels in panel C). Panel D shows both imagery-related activity (indexed by 
larger activity for biomechanically difficult than easy trials, colored bars on the left side) and 
tremor-related responses (indexed by co-fluctuation of cerebral activity with tremor 
amplitude, bar on the right side) in a thalamic voxel where these two effects converged 
[tested with a conjunction analysis; (Nichols et al., 2005)].
corrected; [±16 -22 +2], T=3.9; p=0.011 FW E corrected; Fig. 5c) and in the least-affected 
VIM (MNI coordinates: [±18 -16 +4], T=4.0; p=0.005 FW E corrected; Fig. 5c). These three 
thalamic regions were reported to have maximal anatomical connectivity with the 
posterior parietal cortex, the somatosensory cortex, and the premotor cortex, 
respectively [http://www.fmrib.ox.ac.uk/connect; (Behrens et al., 2003)]. Conversely, 
tremor- and imagery-related cerebral effects were strictly segregated in the (pre) 
motor cortex (Fig. 5a), with task-related activity being located more rostrally (in BA
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6/8) than tremor-related activity (in BA4a/6). Likewise, we found a clear spatial 
segregation in the cerebellum (Fig. 5b), with task-related activity in lateral (lobule VI 
and Crus I) and tremor-related activity in more medial areas [lobules IV and V; 
(Diedrichsen et al., 2009)].
Discussion
We investigated whether the functional organization of the cerebral motor system 
differs between PD  patients with and w ithout tremor. Planning-related activity was 
investigated using a controlled motor imagery task, and quantified by comparing 
imagery of biomechanically difficult and easy movements. In addition, we measured 
tremor-related brain activity using EMG recordings during scanning. There are three 
main findings. First, we found that PD patients with tremor had increased imagery- 
related activity in the somatosensory cortex (BA3a). Second, we observed 
tremor-related brain activity in the primary motor cortex, cerebellum and ventral 
intermediate nucleus (VIM) of the thalamus. Third, PD patients with tremor showed an 
overlap between tremor- and imagery-related activities in the VIM, which has known 
anatomical projections to BA3a. These findings suggest that tremor-related activity in 
the VIM may influence motor imagery by altering central processing of somatosensory 
input. In addition to these main findings, we observed a tendency towards differential 
effects in the dorsal premotor cortex (PMd). Specifically, controls showed robust im­
agery-related responses in PMd, while tremulous PD patients showed reduced 
responses and non-tremor PD patients showed absent responses. Furthermore, imag­
ery-related activity in PMd decreased with disease duration in non-tremor PD, but not 
in tremulous PD. In the following sections, we discuss how these cerebral differences 
may account for some of the clinical and behavioral differences observed between 
PD patients with and w ithout tremor.
Altered som atosensory activ ity  during m otor im agery in Parkinson's disease
The enhanced imagery-related BA3a activity in PD patients with tremor, defined as the 
disparity between biomechanically difficult and easy movements, was functionally 
dissociated from tremor-related responses. That is, imagery-related BA3a activity was 
modulated by the biomechanical complexity of the imagined movement, but tremor 
amplitude was not. This indicates that the increased BA3a activity was not primarily driven 
by increased tremor-related input from the periphery, but rather by altered central gating 
of somatosensory signals. Altered central gating of afferent signals in PD patients with 
tremor may be mediated by the VIM, which was unique in showing both imagery- and 
tremor-related activities. That is, electrophysiological recordings in PD patients have 
shown that many VIM neurons with tremor characteristics also respond to somatosensory
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input and are activated during voluntary movements (Lenz et al., 1994). Furthermore, 
anatomical studies in non-human primates have shown that the homologue of the 
human VIM [ventroposterior lateral nucleus, pars oralis; VPLo; (Percheron et al., 1996)] 
receives somatosensory input from the spinal cord (Stepniewska et al., 2003), and sends 
projections specifically to BA3a within the somatosensory cortex (Padberg et al., 2009). 
The VPLo is also densely connected with regions of the motor system, i.e. M1 (Holsapple 
et al., 1991;Hoover and Strick, 1999) and the cerebellum (Evrard and Craig, 2008). This 
pattern of connectivity allows the VIM to provide a neural interface where somatosensory 
input is modulated by cerebellar output before it reaches the cortex (Stepniewska et al.,
2003). Accordingly, the thalamic region where we observed overlapping responses was 
previously found to have high anatomical connectivity with both the somatosensory 
cortex and the premotor cortex, as measured with diffusion tensor imaging (Behrens et 
al., 2003;Johansen-Berg et al., 2005). Interestingly, the overlap between tremor- and 
task-related responses in the VIM was significant for both hemispheres. This was caused 
by the spatial distribution of tremor-related responses, which were strictly lateralized in 
M1 (i.e. only seen in the hemisphere contralateral to the tremulous limb), but more bilateral 
(although asymmetric) in the VIM and cerebellum. This finding may explain why the 
increased imagery-related BA3a activity of PD patients with tremor also occurred in both 
hemispheres.
Non-tremor PD patients also showed altered imagery-related activity in BA3a (as 
compared to controls), but these changes were significantly smaller than in PD 
patients with tremor. Specifically, in non-tremor PD patients BA3a activity was not 
modulated by the biomechanical complexity of imagined movements, with BOLD 
values intermediate between healthy controls and tremulous PD. This suggests that 
the somatosensory alterations observed in tremulous PD occur in the presence of a 
more general, PD-wide impairment in central somatosensory processing, which fits 
with a large body of evidence showing clear proprioceptive deficits in PD (Seiss et al., 
2003;Boecker et al., 1999;Konczak et al., 2009). Here we extend these previous findings 
by showing abnormal activity in the somatosensory cortex during imagined 
movements in PD. The primary cause of PD-wide changes in somatosensory processing 
is likely located within the dopamine-depleted cortico-striatal circuit. Accordingly, we 
have recently shown that PD patients have altered connectivity between the putamen 
and somatosensory cortex (Helmich et al., 2010), and parkinsonian primates have 
non-specific pallidal responses to proprioceptive input (Filion et al., 1988). Taken 
together, our findings suggest that PD-related changes in the cortico-striatal circuit 
and tremor-related changes in the cerebello-thalamic circuit both contribute to altered 
processing in the somatosensory system. These somatosensory alterations may 
influence voluntary action planning in PD, as outlined below.
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Functional im plications
Healthy controls showed reduced activity in the somatosensory cortex during imagery 
of biomechanically difficult movements, which fits with previous studies showing 
diminished (or gated) central processing of somatosensory afferents during motor 
imagery (Cheron and Borenstein, 1992;Rossini et al., 1996;Jahn et al., 2004). The inhibition 
of somatosensory afferents during motor imagery has been linked to the ability of the 
healthy brain to generate sensory predictions about planned actions [known as forward 
models (Wolpert, 2007)]. Specifically, forward models use the efference copy of an 
action plan (Sperry, 1950) to predict the somatosensory consequences of that action. 
When the action plan is executed, the predicted somatosensory input is compared 
with the actual input, and the resultant mismatch is used to adjust the ongoing action 
plan. When no mismatch occurs, this mechanism allows the brain to ignore the sensory 
input generated by a movement (Blakemore et al., 1998). During motor imagery, the 
gain of the actual somatosensory input is minimized, and the imagined action unfolds 
exclusively under the influence of internal predictions (Grush, 2004;Shadmehr and 
Krakauer, 2008).
The absence of somatosensory gating in both PD groups suggests that these patients 
were impaired in generating somatosensory predictions derived from their imagined 
movements (forward models). This interpretation fits with empirical evidence that PD 
patients have an impaired dynamic representation of arm position during movements 
(Contreras-Vidal and Gold, 2004;Klockgether et al., 1995). However, a link between altered 
somatosensory gating and impaired forward models does not explain why PD patients 
with tremor showed larger somatosensory alterations and better behavioral performance. 
One possibility is that tremor-related increases in somatosensory processing may have 
beneficial effects on voluntary action planning. For instance, the robust afferent input 
generated by a tremulous limb may improve somatosensory uncertainty, and dynamic 
(tremor-related) somatosensory input may be better integrated into upcoming motor 
plans than static somatosensory input (Gelissen and Cools, 1987). In a similar vein, it has 
been suggested that the physiological tremor observed in healthy subjects is an 
exploitable phenomenon that may reduce limb inertia (Goodman and Kelso, 1983). Future 
studies may further focus on possible beneficial aspects of parkinsonian resting tremor, 
for example by testing whether limb estimation before movement onset is different 
between PD patients with and without tremor. An alternative possibility is that the clinical 
benefits of tremor-dominant PD patients (Alves et al., 2006;Louis et al., 1999), and the 
better behavioral performance observed here, are related to other pathophysiological 
differences between both subtypes.
In terp retational issues
The differential effects of biomechanical complexity across groups were localized in the 
same BA3a region for hand and foot imagery. This result is not caused by limited functional
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resolution, since we could show lateralized and effector-specific cerebral effects in 
adjacent parts of the somatosensory cortex (i.e. BA3b), as well as in the premotor cortex 
(see Suppl. Fig. 1). Rather, it could be related to the peculiar organization and properties 
of BA3a, namely large receptive (Krubitzer et al., 2004) and highly fractured topographic 
representations (Huffman and Krubitzer, 2001). The increased BA3a responses in PD 
patients with tremor were present for both effectors, although half of these patients did 
not have a clinically noticeable foot tremor. However, more sophisticated behavioral 
measurements could reveal a classical resting tremor in apparently non-tremulous limbs 
(Beuter et al., 2005), provided that the PD patient had a visible tremor in another limb. 
Furthermore, basal ganglia recordings in PD patients with tremor could reveal 
tremor-related activity even when there was no noticeable tremor (Levy et al., 2001). This 
suggests that in those PD patients developing resting tremor, this feature is distributed 
throughout the whole motor system, which is consistent with our findings.
Finally, although non-tremor PD patients were carefully selected on the basis of 
absent tremor in clinical history and at prior clinical examination, three patients 
nevertheless showed a slight resting tremor at the day of testing (Table 1). Two of 
these patients did not display any tremor in the fMRI scanner (no EMG peak at 4-5 Hz), 
and one patient displayed a very low-amplitude tremor in the scanner (i.e.10 times 
lower than in the tremor group). All three PD patients had marked bradykinesia and 
rigidity, and exclusion of these subjects did not change our findings in the bilateral 
BA3a (Suppl. Material). Therefore, we are confident that these three patients belong to 
a relatively non-tremulous PD subtype, and that inclusion of these subjects did not 
confound our comparison with tremulous PD.
Conclusion
Our results demonstrate functional differences in the voluntary motor system of PD 
patients with and w ithout resting tremor. PD patients with tremor showed increased 
imagery-related activity in the somatosensory cortex (BA3a), and tremor- and imagery- 
related responses overlapped in a thalamic region connected to the somatosensory 
cortex. We conclude that tremor-related responses in the cerebello-thalamic circuit may 
influence voluntary action planning by modulating the transmission of somatosensory 
input to the cortex.
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1. Motor Imagery training session
The training session contained the same stimuli as the fMRI session, and consisted of 
320 trials (5 repetitions for each o f the 64 stim uli described above; total measuring 
tim e ~20 minutes). Subjects were seated in fron t o f a computer screen w ith  the index 
and middle finger o f either the ir le ft or the ir right hand on tw o  buttons, depending 
on which hand they chose to respond w ith. They responded w ith  the le ft finger (index 
or middle finger, depending on the responding hand) for le ft body parts, and w ith  
the right finger for right body parts. Each stimulus was shown for a fixed duration o f 
700 ms. and was then replaced w ith  a cross, but subjects could respond at any tim e 
during the trial. The intertrial interval (ITI), defined as the tim e between the subjects' 
response to the previous trial and the onset o f the next stimulus, was jitte red  between 
1000 and 1500 ms. Reaction tim e (RT) was defined as the tim e between stimulus 
onset and the subjects' response. A fter com pletion o f the training session, subject- 
specific averages fo r each o f the 64 d ifferent stimuli were calculated. For each stimulus 
type separately, the sum o f the average RT and tw o  times the standard deviation was 
used as a cu t-o ff value during the fMRI experiment. This was done because the 
response m odality during scanning (saccades) did not allow  an assessment of 
responses in "real tim e ”. By including subject- and stimulus-specific cu t-o ff times to 
the fMRI session, we avoided a fixed tim e w indow  for responding (which would 
considerably lengthen the experiment) and we could individually ta ilor the spacing 
between trial onsets (which ensured that all subjects had comparable baseline 
periods - IT I -  between successive trials). During scanning, we recorded the precise 
tim e from  the initial stimulus presentation until saccade in itia tion for each individual 
trial. This allowed us to calculate the RT for each individual trial after completion o f the 
scanning session.
2. Tremor-related signals
We used a pair o f carbon wired MRI compatible sintered silver/silver-chloride 
electrodes (Easycap, Herrsching-Breitbrunn, Germany), placed 3 cm apart along the 
muscle bellies o f the forearm muscles (flexor or extensor, depending on the trem or 
characteristics). A neutral electrode was placed on the head o f the ulna. Following 
amplification and A /D  conversion (Brain Products GmBH, Gilching, Germany), an 
optical cable fed the EMG signal to  a dedicated PC outside the MR room fo r fu rther 
off-line analysis. A hardware filte r w ith  250-Hz low-pass filte r and a 10 s tim e constant 
was applied before amplification o f the signals, after which the EMG was digitized at 
5000 Hz. MR artifact correction fo llow ed the method described by (Allen et al., 
2000;van Duinen et al., 2005). A fter MR artifact correction the data was down-sampled
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to  1000 Hz, band-pass filtered (allowing frequencies between 25 and 250 Hz, to 
remove possible m ovem ent artifacts) and rectified to enhance the in form ation on 
EMG burst-frequency (tremor) o f the signal, thereby recovering the low frequency 
EMG content (Myers et al., 2003). Subsequent analyses were performed in Matlab 
(MathWorks, Natick, MA), consisting o f a tim e-frequency analysis on the preprocessed 
EMG data using the FieldTrip too lbox fo r EEG/MEG analysis (h ttp ://w w w .ru .n l/ 
neuroim aging/fie ldtrip). For each segment, we calculated the EMG power between 
0.5 -  12 Hz in steps o f 0.1 s using 2 s Hanning tapered windows, which resulted in a 0.5 
Hz resolution. By averaging over all tim e-poin ts we obtained an average power 
spectrum across segments. The peak frequency between 2 and 8 Hz. (i.e. the frequency 
corresponding to the parkinsonian tremor) was determined for each individual patient 
after visual inspection o f the average power spectrum. Then, EMG power at the 
individual trem or frequency was extracted. This produced a regressor describing the 
scan-by-scan fluctuations in EMG power at the trem or frequency. We log-transformed 
this regressor to remove outliers (log10(EMG-power)), applied a z-transformation and 
convolved this regressor w ith  the hemodynam ic response function (hrf) im plem ented 
in SPM5 (http ://www.fil.ion.ucl.ac.uk/spm ). We added this regressor to the first-level 
general linear model (GLM) o f all the trem ulous PD patients. Given the lack o f any 
activ ity in the rectified EMG signal between 2 and 8 Hz in the controls and the 
non-trem or PD patients (Fig. 4a), we did not include these regressors to the first-level 
model o f those subjects.
Finally, we tested for brain regions where activ ity  changed as a function  of 
tremor-related EMG signals over the w hole trem ulous PD group. For each tremulous 
patient, we constructed a contrast image describing the tremor-related effects. To 
test for consistent effects contralateral to the most-affected body side across the 
w hole  group, the 5 patients w ho were left-side affected (the other 13 patients were 
right-side affected), had the ir contrast images flipped along the axial plane. These 
contrast images were entered into a one-sample t-test (random effects analysis in 
SPM5).
3. Analysis of task-related EMG activity
We tested fo r the effect o f the task conditions on averaged trial-by-trial EMG activity. 
This was done to rule ou t that subjects made actual movements during the m otor 
imagery task, and to investigate w hether the trem or am plitude was modulated by the 
task in the trem ulous PD group. Thus, fo r each trial we calculated the average EMG 
power between stimulus onset and the subject's response. Then we assessed the 
effect o f factors GROUP (controls, trem ulous PD, non-trem or PD) x EFFECTOR (hand, 
foo t) x ORIENTATION (biomechanically easy, d ifficult) on these values, using ANOVA.
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Due to technical problems we could not code trial onset in five ou t o f 19 healthy 
subjects, so only 14 healthy subjects were included in these EMG analyses. The results 
are shown in Fig 4f.
4. Cerebral effects of EFFECTOR and LATERALITY
We also tested for the effects o f stimulus type (hand or foot) on cerebral activ ity 
during the m otor imagery task. Since there was no GROUP x EFFECTOR interaction, we 
collapsed over the three groups. The HAND > FOOT contrast revealed cerebral activ ity 
in the hand area o f the primary somatosensory cortex (right hemisphere: local 
m aximum at MNI [40 -28 50], 476 voxels; T=5.1, p<0.001 corrected; trend in the left 
hemisphere: local m aximum at MNI [-40 -32 54], 123 voxels; T=4.9, p=0.097 corrected; 
Suppl. Fig. 1A). Anatomically, both regions could be assigned to Brodmann area (BA) 
3b w ith  high probabilities o f 70% (left hemisphere) and 90% [right hemisphere; 
(Eickhoff et al., 2005)]. There was additional hand-specific activ ity  in the bilateral 
primary visual cortex (BA 17; le ft hemisphere: MNI [-16 -90 -4], 1115 voxels, T=11.3, 
p<0.001 corrected; right hemisphere: MNI [22 -90 2], 1049 voxels, T=11.5, p<0.001 
corrected). Conversely, the FOOT > HAND contrast revealed cerebral activ ity  in the 
dorso-medial BA6 (local m aximum at MNI [4 -16 68], 356 voxels; T=5.1, p=0.001 
corrected; Suppl. Fig 1B), the bilateral superior parietal lobule (SPL, le ft hemisphere: 
MNI [-12 -46 70], 358 voxels; T=5.5, p=0.001 corrected; right hemisphere: MNI [14 -48 
64], 397 voxels, T=5.0, p<0.001 corrected), the inferior parietal cortex (IPC, left 
hemisphere: MNI [-42 -82 26], 251 voxels; T=4.2, p=0.005 corrected; right hemisphere: 
MNI [42 -66 20], 864 voxels, T=5.5, p<0.001 corrected) and the le ft primary 
somatosensory cortex (MNI [-52 -12 32], 186 voxels; T=4.1, p=0.021 corrected). 
The latter cluster was assigned to BA3b w ith  a probability o f 60% (Eickhoff et al., 2005). 
The som atotopy that emerges from  these findings is consistent w ith  previous work 
(Bakker et al., 2008).
W ith in these effector-specific regions (left and right BA17, BA3b, BA6, SPL and IPL), 
we tested for effects o f stimulus laterality. Specifically, for each region we tested 
w hether cerebral activ ity  in each hemisphere (left or right) was differentially 
modulated by stimulus laterality (le ft or right). Thus, for BA3b and BA17 we tested 
w hether activ ity  during hand imagery changed as a function o f GROUP (controls, 
trem ulous PD, non-trem or PD), HEMISPHERE (left, right) and LATERALITY (left, right). 
Similarly, for BA6, SPL and IPL we tested w hether activ ity  during fo o t imagery changed 
as a function o f these same factors. These analyses were done on averaged beta 
values across the w hole cluster. These beta values were extracted from  the contrast 
images obtained at the first-level, and averaged over biomechanically d ifficult and 
easy trials. Because the BA6 cluster spanned both hemispheres, we took the local
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maxim um  in each hemisphere to be able to  test for lateralized effects (le ft BA6: [-4 -14 
68]; right BA6: [4 -16 68]). To control fo r the m ultip le comparisons problem caused by 
perform ing five separate ANOVA's, we applied a Bonferroni correction o f our statistical 
threshold (p<0.05), resulting in a threshold o f p<0.01.
BA3b-HAND showed clearly lateralized responses, such that the right hemisphere 
responded stronger fo r stimuli o f le ft than right hands and vice versa (HEMISPHERE x 
LATERALITY: F(1,54)=12.8; p=0.001; Suppl. Fig 1C-D). BA17-HAND showed a trend 
towards the same effect, but the m agnitude o f the effect did not pass our statistical 
threshold (HEMISPHERE x LATERALITY: F(1,54)=5.9; p=0.019). BA6-FOOT showed the 
same pattern o f lateralization as BA3b-HAND (HEMISPHERE x LATERALITY: F(1.54)=26.1; 
p<0.001; Suppl. Fig 1C-D). In addition, activ ity  in this region was generally higher in the 
le ft than in the right hemisphere (HEMISPHERE: F(1,54)=21.9; p<0.001). This finding is 
consistent w ith  the fact that all subjects were right-handed. IPC-FOOT showed the 
same stimulus-specific lateralization as described fo r BA3b-HAND and BA6-FOOT 
(HEMISPHERE x LATERALITY: F(1,54)=24.5; p<0.001). Furthermore, activ ity  in this region 
was generally higher in the right than in the le ft hemisphere (HEMISPHERE: F(1,54)=7.4; 
p=0.009). In contrast, there was no stimulus-specific lateralization o f responses in 
SPL-FOOT (no HEMISPHERE x LATERALITY: p>0.1). Similar to IPC-FOOT, activ ity in this 
area was generally higher in the right than in the left hemisphere (HEMISPHERE: 
F(1,54)=11.4; p=0.001). All the effects described above were comparable across 
controls, trem ulous PD patients and non-trem or PD patients (no interactions w ith  
factor GROUP, no main effects o f GROUP).
5. No cerebral effects of stimulus LATERALITY in BA3a
In the fo llow ing  section, we tested w hether imagery-related activ ity  in the left and 
right BA3a (i.e. the tw o  regions where responses fo r biomechanically d ifficult and 
easy trials differed across the three groups; Fig. 3C-D) was sensitive to the laterality of 
the imagined movement. More specifically, we tested w hether cerebral responses in 
the left BA3a were larger for imagery o f right- than left-lateralized movements, and 
vice versa. To this end, we performed a 5-way ANOVA w ith  factors GROUP (controls, 
trem ulous PD and non-trem or PD), HEMISPHERE (left vs. right BA3a), LATERALITY (left 
vs. right stimulus), EFFECTOR (hand vs. fo o t stimulus) and ORIENTATION (biomechani­
cally d ifficu lt vs. easy stimuli) on averaged beta values across these BA3a clusters. Our 
results show that responses in the le ft and right BA3a were similar for le ft and right 
stim uli (no HEMISPHERE x LATERALITY interaction: F(1,54)=0.01; p=0.92; no GROUP x 
HEMISPHERE x LATERALITY interaction: F(2,54)=1.0; p=0.36). Furthermore, the effects 
o f biomechanical com plexity in the le ft and right BA3a were similar for le ft and right 
stim uli (no HEMISPHERE x LATERALITY x ORIENTATION interaction: F(1,54)=0.89; p=0.35;
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no GROUP x HEMISPHERE x LATERALITY x ORIENTATION interaction: F(2,54)=1.2; 
p=0.30; Suppl. Fig. 2). This result indicates tha t somatosensory gating in BA3a is 
im plem ented in a general way, i.e. similarly for le ft and right actions. Since we were 
able to detect som atotopic effects in other portions o f the somatosensory cortex (i.e. 
BA3b, see above), this result can not be explained by lack o f sensitivity o f our 
methods.
6. Somatosensory gating during motor imagery in 
healthy subjects
The inh ib ition o f somatosensory afferents during m otor imagery has been linked to 
the ab ility o f the healthy brain to  generate sensory predictions about planned actions 
[known as forward models (Wolpert, 2007). Specifically, forward models use the 
efference copy o f an action plan (Sperry, 1950) to predict the somatosensory 
consequences o f that action. When the action plan is executed, the predicted 
somatosensory input is compared w ith  the actual somatosensory input, and the 
resultant mismatch is used to adjust the ongoing action plan. When no mismatch 
occurs, this mechanism allows the brain to  ignore the sensory input generated by a 
m ovem ent (Blakemore et al., 1998). During m otor imagery, the gain o f the actual 
somatosensory input is m inim ized, and the imagined action unfolds exclusively under 
the influence o f internal predictions (Grush, 2004;Shadmehr and Krakauer, 2008). Our 
findings confirm  and qualify this notion. First, BA3a activ ity was significantly reduced 
when healthy controls imagined biomechanically d ifficult movements tha t challenge 
the normal range o f m otion, as determined by muscle and jo in t properties. Second, 
this effect was specific to BA3a, an area tha t processes signals from  muscles and jo in ts 
(Huffman and Krubitzer, 2001;Moore et al., 2000). Neighboring but functiona lly  distinct 
regions showed a d ifferent response pattern: activ ity  in BA3b, which processes 
cutaneous afferents (Moore et al., 2000), was not gated during biomechanically 
d ifficu lt movements, but was modulated by the type and laterality o f the imagined 
effector. These findings suggest that BA3a and BA3b support d ifferent computational 
elements o f the m otor plan. BA3a appears to be involved in gating afferent signals 
that are related to parameters relevant for the imagined m ovem ent -  in this case, 
muscle and jo in t stretch (Scott, 2004;Todorov, 2004). Conversely, BA3b m ight be 
involved in enhancing afferent signals related to perceptual features that are relevant 
fo r the task -  in this case, identifying w hether the presented stimulus depicts a hand 
or a foot, and providing a vo luntary report on its laterality. These findings f it  w ith  the 
known dissociation between perceptual and m otoric processing o f sensory material 
(Kammers et al., 2009;Milner and Goodale, 2006;Gentilucci et al., 1995).
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7. Minor tremor in three non-tremor PD patients
The non-trem or PD patients were carefully selected on the basis o f absent trem or in 
the ir clinical history and absent trem or during prior clinical examination. Nevertheless, 
three non-trem or PD patients indeed showed a slight resting trem or at the day of 
testing, each o f them  w ith  a UPDRS trem or score o f 1 (sum o f item 20). Two o f these 
patients did not display any trem or in the fMRI scanner (no EMG peak around 4-5 Hz). 
The remaining patient displayed some trem or in the fMRI scanner, but the trem or 
am plitude (EMG power at 5 Hz: 353 pV) was 10 times lower than in the trem or group 
(average EMG power at 5 Hz: 3155 pV). In contrast, all three PD patients had relatively 
severe bradykinesia (sum o f UPDRS items 23-26; patient 1: 20 points; patient 2: 13 
points; patient 3: 5 points) and rig id ity (sum o f UPDRS item 22: patient 1: 9 points; 
patient 2: 6 points; patients 3: 2 points). Therefore, we are confident that despite a 
brief episode o f mild trem or during clinical testing, these three patients belong to  a 
relatively non-trem ulous PD subtype. We also empirically tested w hether exclusion of 
these subjects would change our primary findings. We found that m otor imagery- 
related activity in the left and right BA3a remained significantly different between the 
tremulous and non-trem or PD groups (GROUP by ORIENTATION interaction; left BA3a: 
F(1,34)=7.7, p=0.009; right BA3a: F(1,34)=5.2, p=0.029). The difference in m otor imag­
ery-related activ ity  between non-trem or PD patients and healthy controls also 
remained significant after exclusion o f the three subjects (GROUP by ORIENTATION 
interaction; le ft BA3a: F(1,35) =5.2, p=0.029; right BA3a: F(1,35)=7.9, p=0.008). Therefore, 
we did not exclude these three subjects from  our analyses.
8. Supplementary figures
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S u p p l.  F ig  1 Effector-specif ic and lateralized cerebral effects across groups
Panel B shows the anatomical distribution o f effector-specific brain activity across groups 
[in red: FOOT>HAND contrast; in blue: HAND>FOOT contrast; both t-contrasts are shown at 
an uncorrected threshold o f p<0.001], rendered onto the cortical surface o f a representative 
brain o f the MNI series. Panels A and C shown the effects size (mean beta values ± SEM, on 
the y-axis) o f cerebral responses for the right BA6 (panel A) and right BA3b (panel C), plotted 
separately for foot (red bars) and hand (blue bars) conditions and across the three groups 
(x-axis). Panels D-E show the effects size o f hand-imagery related cerebral activity (mean 
beta values ± SEM, on the y-axis) for the left (panel D) and right (panel E) BA3b, plotted 
separately for left (gray bars) and right (black bars) conditions and across the three groups 
(x-axis). Panels F-G show the effects size o f foot-imagery related cerebral activity (mean 
beta values ± SEM, on the y-axis) for the left (panel F) and right (panel G) BA6, plotted 
separately for left (gray bars) and right (black bars) trials and across the three groups (x-axis). 
The results show specific somatotopic responses for hand and foot imagery, w ith more 
activity in the left hemisphere for imagery o f right movements and vice versa. BA = 
Brodmann area; controls = healthy controls (n=19); tremor = tremulous PD (n=18); 
non-tremor = non-tremor PD (n=20).
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A  L e ft B A 3 a  B  C  R ig h t B A 3a
S u p p l.  F ig  2  No lateralized effects of b iomechanical com plex ity  in BA3a
Panel B shows the anatomical d istribution o f differential motor imagery-related brain 
activity across groups [GROUP x ORIENTATION interaction, F-contrast, shown at an 
uncorrected threshold o f p<0.001], superimposed on a coronal section o f a representative 
brain o f the MNI series (same as shown in Fig. 3C). Panels A and C shown the effects size 
(difference between biomechanically d ifficu lt and easy conditions, averaged over hand 
and foot trials; mean beta values ± SEM, on the y-axis) o f cerebral responses for the left 
(panel A) and right (panel C) BA3a, plotted separately for left (white bars) and right 
(gray bars) conditions and across the three groups (x-axis). The results show that there 
are no lateralized effects o f biomechanical complexity in the left and right BA3a. BA = 
Brodmann area. BMC = biomechanical complexity; controls = healthy controls (n=19); 
trem or = tremulous PD (n=18); non-tremor = non-tremor PD (n=20); L = left hemisphere.
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S u p p l.  F ig  3 Similar BA3a effects fo r  hand and fo o t  imagery
While there was a significant GROUP x ORIENTATION interaction in the bilateral BA3a 
(whole-brain corrected at p<0.05; see Fig. 3), there was no GROUP x ORIENTATION x 
EFFECTOR interaction in these regions. The lack o f effector-specific cerebral effects is 
illustrated here for the left BA3a. Importantly, this indicates that the absent modulation of 
BA3a activity by biomechanical complexity in non-tremor PD patients is not driven by 
random responding in this group. That is, while non-tremor PD patients had increased 
error rates only for hand imagery (Fig. 2), the lack o f somatosensory modulation by 
biomechanical complexity was present for both hand and foot imager in this group (p>0.15 
for hand and foot imagery, in left and right BA3a; paired-samples t-test). As a further test, 
we divided the non-tremor group into 10 patients w ith low error rates on biomechanically 
difficult trials (average error rate: 7%, range 0 -  14%) and 10 patients with high error rates on 
biomechanically difficult trias (average error rate: 30%, range 20 -  45%). In both groups, 
activity in the left and right BA3a showed a similar pattern, i.e. BOLD was not modulated by 
biomechanica complexity (low error rate group: left BA3a, p=0.19; right BA3a: p=0.94, 
paired t-est; high error rate group: left BA3a p=046; right BA3a: p=0.0, pairedt-tet)
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S u p p l.  F ig  4  Lateralized tremor-re lated responses
Since all PD patients had an asymmetric tremor, we directly compared the magnitude of 
tremor-related cerebral responses between most- and least-affected hemispheres. The 
most-affected hemisphere refers to the side contralateral to  the tremulous hand, expect for 
the cerebellum (where it refers to the ipsilateral side). This figure shows the difference 
between tremor-related responses in the most- and least-affected hemisphere (average A 
beta value ± SEM, on the y-axis) in the tremulous PD group. These effects are plotted 
separately for the three regions found to be strongly involved in tremor-related processing 
(panel A), for regions where we expected additional tremor-related effects (the 
somatosensory cortex: BA 1, 2, 3a and 3b; panel B) and for tw o control regions where we 
expected no tremor-related effects (primary visual cortex: BA17 and 18; panel C). Cerebral 
effects are averaged across the entire cluster (panel A) or BA (panels B, C). We found 
significantly lateralized tremor-related responses in the three "tremor regions” (panel A) 
and in the somatosensory cortex (panel B), but not in the visual cortex (panel C). MC = 
motor cortex; VLT = ventrolateral thalamus; CBLM = cerebellum; BA = Brodmann area; *** 
indicates p<0.001 on a paired-samples t-test (one-tailed) between tremor-related activity 
in the most- and least-affected hemisphere; ** indicates p<0.01 and * indicates p<0.05; NS 
= not significant.
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S u p p l.  F ig  5 Indiv idual responses in BA3a
This figure shows the individual cerebral responses o f all subjects in the left (panel A) 
and right (panel B) BA3a. The x-axis shows the three groups: 19 healthy controls, 18 PD 
patients w ith marked tremor, and 20 non-tremor PD patients. Each dot is one subject. In 
the non-tremor group, the three subjects w ith a very mild and transient trem or at the 
day o f testing are colored in black. The y-axis shows the difference in cerebral response 
to imagery o f biomechanically d ifficu lt and easy movements (delta beta value). This 
figure shows that the three PD patients w ith mild and transient trem or at the day of 
testing were not outliers w ith in  the non-tremor group. Exclusion o f these three subjects 
did not change our results (section 7 o f the Suppl. Material). Therefore, we are confident 
that inclusion o f these subjects did not confound our results.
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9. Supplementary tables
S u p p l.  T a b le  1 A s y m m e tr ic  c lin ic a l s igns
This table shows the clinical severity o f clinical signs (bradykinesia, rigidity, and tremor), 
separately for the most- and least-affected side. The clinical scores are averaged across 
tremulous (upper section) or non-trem or PD patients (lower section). In each section, the 
upper row represents the average, and the lower row (in italic) represents the standard 
deviation. Bradykinesia represents the sum o f UPDRS items 23, 24, 25 and 26 (maximum 
is 16 points per side). Rigidity represents the sum o f UPDRS item  22 (hand and foo t 
divisions, maximum is 8 points per side). Tremor scores are shown as points on the Tremor 
Rating Scale (TRS; maximum per trem or type is 8 points per side). The lower row o f the 
table shows the p-values resulting from  a statistical comparison between the tw o  PD 
groups (two-sample t-test, two-tailed). Furthermore, the stars (*) indicate the p-value 
resulting from  a statistical comparison between the most- and least-affected side w ith in  
each group (paired-samples t-test, two-ta iled), where *** indicates p<0.001, ** indicates 
p<0.01, and * indicates p<0.05. These data show that both PD subtypes had a significantly 
asymmetric expression o f clinical symptoms. UPDRS = Unified Parkinson's Disease Rating 
Scale part III. PD = Parkinson's disease.
Group UPDRS part III Tremor (TRS part A)
Bradykinesia Rigidity Rest Posture Action
most least most least most least most least most least
Tremulous 
PD (n=18)
74*** 3.4 2 8*** 1.2 3.4*** 0.61 1 g*** 0.50 0.72 0.39
17 0.76 0.26 0.20 1.4 098 h 0.86 0.89 0.61
Non-tremor PD 
(n=20)
8.0*** 4.5 3.0*** 1.7 0.20 0.0 1.0** 0.40 0.65* 0.25
0.48 0.76 1.4 1.2 0.52 0.0 1.4 0.75 0.93 055
p-value 0.38 0.28 0.78 0.12 <0.001 0.008 0.038 0.70 0.81 0.46
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S u p p l.  T a b le  2  S hared m o to r  im a g e ry -re la te d  b ra in  a c t iv ity  across g ro u p s
MNI stereotactic coordinates o f local maxima for clusters where activity increased more 
for biomechanically d ifficu lt than easy trials, similarly for the three groups [conjunction 
analysis across the three groups (Nichols et al., 2005)]. Statistical inference (p<0.05) was 
performed at the cluster level, correcting for m ultiple comparisons over the search 
volume (the whole brain). The intensity threshold necessary to  determine the cluster-level 
threshold was set t  > 3.1 (Friston et al., 1996). PMd = dorsal premotor cortex; PMv = ventral 
premotor cortex; BA = Brodmann Area; SMA = Supplementary Motor Area; DLPFC =
Dorsolateral Prefrontal Cortex; EBA = Extrastriate Body Area; 
bilateral.
L = left ; R = right; B =
Anatomical label Functional label Hemisphere T-value local maximum
x y z
Superior Precentral Gyrus PMd L 5.7 -24 -2 52
R 5.7 24 -6 54
Inferior Precentral Gyrus PMv L 5.4 -46 2 28
R 4.8 50 8 30
Superior Parietal Lobule BA 7A L 5.6 -14 -70 54
R 4.9 14 -66 60
Inferior Parietal Lobule L 5.4 -38 -38 46
R 5.4 40 -38 42
Pre-SMA Pre-SMA B 5.6 -2 22 40
Insular Cortex Insula L 5.1 -26 16 2
R 5.4 30 16 2
Middle Frontal Gyrus DLPFC L 4.7 -38 32 26
Cerebellum Cerebellum (VI) L 4.5 -30 -56 -28
R 4.5 36 -54 -28
Thalamus Thalamus L 4.8 -14 -2 6
R 5.1 12 -10 4
Pallidum Pallidum L 4.8 -14 0 6
R 4.6 18 4 8
Lingual Gyrus BA18 L 4.8 -10 -78 -20
R 5.2 18 -78 -12
Inferior Temporal Gyrus EBA L 4.6 -48 -64 -6
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Introduction
Parkinson's disease (PD) is a surprisingly heterogeneous neurological disorder. The 
classical triad o f m otor symptoms includes resting tremor, bradykinesia and rigidity. 
The expression o f these cardinal m otor symptoms varies markedly between patients. 
This review w ill focus on the occurrence o f resting tremor, a striking example o f this 
phenotypic heterogeneity. Tremor is characterized clinically by involuntary, rhythm ic 
and alternating movements o f one or more body parts (Abdo et al., 2010). The classical 
parkinsonian trem or occurs at rest, most often in the distal limbs, and is typically seen 
at a frequency o f 4 -6  Hz (Deuschl et al., 2001;Rodriguez-0roz et al., 2009). Some 
patients have a prom inent and disabling tremor, but others never develop this 
symptom (Hoehn and Yahr, 1967). This observation formed the basis for classifying PD 
patients into trem or-dom inant and non-trem or subtypes (Jankovic et al., 1990;Burn et 
al., 2006;Lewis et al., 2005;Rajput et al., 1993;Zetusky et al., 1985).
The reason for this phenotypic heterogeneity remains insufficiently understood. One 
possibility is that specific pathophysiological processes are involved in the expression o f 
the different PD symptoms, and that such processes vary across patients, for example 
because o f differences in extent o f neuropathological changes. A better understanding 
o f the mechanisms underlying the variable expression o f tremor would provide better 
insights in tremor pathophysiology, and as such offer potential new avenues for 
symptomatic treatment. Here, we will review some salient clinical features o f tremor in PD, 
discuss recent studies on the pathophysiology o f tremor, and propose a new model to 
explain the cerebral mechanisms involved in generating resting tremor in PD. Postural 
and kinetic tremors are also common in PD, but they will not be addressed here.
T h e  c l in ic a l p h e n o ty p e  o f  t r e m o r - d o m in a n t  PD
The classification o f PD patients into trem or-dom inant and non-trem or subtypes is 
well established. D ifferent taxonomies have been used to define these tw o  subtypes. 
First, trem or-dom inant PD has been contrasted w ith  a form  o f PD dominated by axial 
symptoms, i.e. postural instability and gait disability (the PIGD subtype) (Jankovic et 
al., 1990;Zetusky et al., 1985). This distinction is based on the relative expression of 
trem or and PIGD, using subscores o f the Unified Parkinson's Disease Rating Scale 
(UPDRS). Second, trem or-dom inant PD has been contrasted w ith  a PD subtype 
dominated by bradykinesia and rig id ity (Schiess et al., 2000;Rajput et al., 1993), again 
using UPDRS subscores. A third, data-driven approach has identified PD subtypes by 
applying clustering algorithms to several clinical parameters such as symptom 
severity, disease onset and clinical progression (Lewis et al., 2005). Interestingly, the 
latter approach also produced trem or-dom inant and non-trem or clusters o f patients, 
together w ith  a young onset form  and a rapid progression group. This finding indicates 
that trem or is an independent symptom o f PD.
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Tremor is an autonomous symptom: Comparison o f trem or to other clinical 
symptoms suggests that this symptom may have a d ifferent pathophysiology than 
most other PD symptoms. First, trem or does not progress at the same rate as 
bradykinesia, rigidity, gait and balance (Louis et al., 1999). Second, trem or severity 
does not correlate w ith  other m otor symptoms (Louis et al., 2001). Third, trem or can 
occur on the contralateral side as bradykinesia and rig id ity (the so-called "wrong-sided 
trem or"), a phenom enon seen in ~4% o f PD patients (Koh et al., 2010).
Tremor is a marker o f benign PD: Clinical and behavioral differences between tremor­
dominant and non-tremor PD patients suggest that tremor is a marker o f benign PD. For 
instance, there are indications that tremor-dominant PD patients have a relatively slow 
disease progression. This idea was first proposed by (Hoehn and Yahr, 1967), who found a 
greater proportion o f death and disability in PD patients w ith a non-tremor onset mode, 
at least during the first 10 years o f the disease. This was later confirmed by (Jankovic and 
Kapadia, 2001), who found that PD patients w ith  a PIGD subtype had a larger annual 
increase in symptom severity than tremor-dominant PD patients. Furthermore, a recent 
postmortem study showed that tremor-dominant PD patients progressed more slowly to 
Hoehn and Yahr (H&Y) grade 4 than akinetic-rigid dominant PD patients [using the 
subtyping scheme by (Rajput et al., 1993)], and total disease duration at the time o f death 
tended to be longer in the tremor-dominant group (Rajput et al., 2009). Another recent 
post-mortem study also found that tremor-dominant PD patients had a lower degree of 
disability (H&Y grade) than tremor-dominant patients at 5 and 8 years (Selikhova et al., 
2009), using the subtyping scheme proposed by (Lewis et al., 2005). However, tremor­
dominant and non-tremor PD patients had a similar disease duration at the time o f death, 
which led to their conclusion that tremor alone does not predict a significantly longer 
survival (Selikhova et al., 2009). Thus, tremor-dominant PD patients appear to progress 
more slowly during the initial course o f the disease, but this relative advantage is lost later 
on. Finally, it is a well-established finding that tremor-dominant PD patients have better 
cognitive performance than non-tremor PD patients (Lewis et al., 2005;Burn et al., 
2006;Vakil and Herishanu-Naaman, 1998) and that they are less likely to develop dementia 
(Aarsland et al., 2003;Williams-Gray et al., 2007).
T h e  n e u ro c h e m ic a l b a s is  o f  p a rk in s o n ia n  r e s t in g  t r e m o r
The core pathological process in PD involves dopaminergic cell loss in the substantia 
nigra pars compacta (SNpc), particularly the lateral ventral tier (Fearnley and Lees, 
1991). This leads to dopamine depletion in the striatum, particularly in the dorsolateral 
putamen (Kish et al., 1988). W hile these changes have been strongly linked to 
bradykinesia (Albin et al., 1989), its relevance to resting trem or remains unclear 
(Rodriguez-Oroz et al., 2009). In the next paragraph we will review data from  
post-m ortem  and nuclear imaging studies, to address the question w hether resting 
trem or has a dopaminergic basis.
Cerebral causes and consequences of PD resting trem or | 149
Post-mortem studies: Trem or-dom inant PD patients have m ilder cell loss in the 
SNpc (particularly in the lateral portion) and in the locus ceruleus than non-trem or PD 
patients (Jellinger, 1999;Paulus and Jellinger, 1991). This suggests that trem or-dom i­
nant PD patients have less dopaminergic (and possibly also less nor-adrenergic) 
dysfunction than non-trem or patients. This could explain some o f the clinical 
advantages that are associated w ith  tremor. On the other hand, trem or-dom inant PD 
patients have considerably more cell loss in the retro-rubral area (RRA) o f the midbrain 
(Hirsch et al., 1992). In non-hum an primates, the RRA contains ~ 10% o f the 
mesencephalic dopaminergic neurons, as compared to 75% in the SNpc and 20% in 
the ventral tegmental area [VTA; (Francois et al., 1999)]. The RRA sends dopaminergic 
projections to the striatum [in particular the ventrocaudal putamen; (Francois et al.,
1999)], the subthalamic region (Francois et al., 2000), and the pallidum (Jan et al., 2000). 
Accordingly, post-m ortem  analysis o f the dopamine m etabolite homovanillic acid 
(HVA) showed that clinical trem or severity increased w ith  reduced HVA concentrations 
in the pallidum o f PD patients (Bernheimer et al., 1973). In parkinsonian vervet monkeys, 
a similar correlation was found between trem or severity and dopaminergic fibers in 
the external global pallidus (GPe) (Mounayar et al., 2007). These data suggest that 
trem or m ight result from  pallidal dysfunction, triggered by a specific loss of 
dopaminergic projections from  the RRA. Surprisingly, a recent post-m ortem  study 
showed higher dopamine levels in the ventral GPi o f trem or-dom inant than non-trem or 
PD patients (Rajput et al., 2008). However, only few  data points were measured (a 
single hemisphere o f tw o  trem or-dom inant patients), which lim its the interpretation 
o f these results.
In vivo dopaminergic imaging: Four [123I]FP-CIT SPECT studies described 
neurochemical differences between trem or-dom inant and non-trem or PD patients. 
Three o f these studies found that trem or-dom inant PD patients had less striatal 
dopamine depletion than non-trem or PD patients (Spiegel et al., 2007;Rossi et al., 
2010;Helmich et al., 2011a). These differences were spatially localized to the putamen in 
one report (Rossi et al., 2010), and extended to the caudate in both o ther studies (Spiegel 
et al., 2007;Helmich et al., 2011a). These findings f it  w ith  the relatively mild nigral 
pathology o f trem or-dom inant patients that we discussed earlier (Jellinger, 1999;Paulus 
and Jellinger, 1991). Surprisingly, the fourth  SPECT study found the opposite pattern 
(Isaias et al., 2007). This observation m ight be explained by a d ifferent defin ition o f PD 
subgroups, or by the smaller number o f included patients [10 trem or-dom inant PD 
patients in (Isaias et al., 2007) versus 18-24 trem or-dom inant patients in (Spiegel et al., 
2007;Rossi et al., 2010;Helmich et al., 2011a)]. Finally, several SPECT studies have correlated 
the am ount o f striatal dopamine depletion w ith  the severity o f individual symptoms. 
These studies consistently show that, unlike other PD symptoms, resting trem or does 
not correlate w ith  nigrostriatal dopamine depletion (Benamer et al., 2000;Benamer et 
al., 2003;Isaias et al., 2007;Spiegel et al., 2007;Pirker, 2003). Interestingly, another study
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did find a correlation between trem or severity and reduced midbrain raphe 5-HT1A 
binding, which is a functional measure o f serotonergic system integrity (Doder et al., 
2003). This opens the possibility that abnormalities in the serotonergic neurotransmitter 
system are involved in the generation o f PD resting tremor.
These findings suggest that trem or severity does not depend on the am ount of 
nigrostriatal dopamine depletion. On the other hand, it has been argued that the 
expression o f resting trem or is conditional upon dopaminergic denervation in the 
midbrain (Deuschl et al., 2000). That is, many disorders w ith  resting trem or show a 
form  o f nigrostriatal dopamine depletion, e.g. m ono-sym ptom atic resting trem or 
(Ghaemi et al., 2002), dystonic resting trem or after mesencephalic lesions (Vidailhet et 
al., 1999), and Holmes' trem or (form erly called: rubral or midbrain tremor) (Remy et al., 
1995;Seidel et al., 2009;Sung et al., 2009). Thus, we are le ft w ith  the paradox that 
nigrostriatal dopamine depletion is a prerequisite for developing resting tremor, while 
the level o f trem or expression is independent from  nigrostriatal degeneration.
N e u ra l m e c h a n is m s  u n d e r ly in g  p a rk in s o n ia n  r e s t in g  t r e m o r
Parkinsonian trem or is believed to be caused m ainly by central, rather than peripheral 
mechanisms (Deuschl et al., 2000;Elble, 1996;McAuley and Marsden, 2000). Evidence 
fo r this view comes from  w ork showing that peripheral deafferentation (Pollock and 
Davis, 1930), peripheral anesthesia o f trem ulous muscles (Walshe, 1924) and mechanical 
perturbations (Lee and Stein, 1981;Homberg et al., 1987) have little  effect on PD 
tremor, a lthough peripheral reflexes (muscle stretch) may interact w ith  central 
oscillations (Rack and Ross, 1986).
In the next paragraph we w ill review data from  electrophysiological and metabolic 
studies, to  address the question which cerebral circuit produces tremor. M ethodological 
differences between these studies are im portant for interpreting the ir results. First, 
d ifferent designs have been used: 1) an "event-related" design, where trem or charac­
teristics (such as fluctuations in trem or amplitude) are directly related to cerebral 
activity; 2) a "tra it-design", where baseline characteristics (such as cerebral perfusion 
or gray m atter density) are compared between trem or-dom inant and non-trem or PD 
subgroups. It should be kept in mind tha t in the latter approach, differences between 
subgroups may be related to tremor, but also to other factors. Second, d ifferent 
recording techniques have been used: 1) electrophysiological studies tend to focus 
on neural phenomena occurring in the same frequency as the trem or (~ 4 Hz), i.e. 
relating neural oscillations w ith  cycle-to-cycle oscillations in trem or output. The 
spatial resolution o f these studies is lim ited to a group o f neurons (e.g. studies in 
patients w ith  deep electrodes) or to the cortical mantle (studies using magneto- 
encephalography; MEG); 2) m etabolic imaging methods such as PET and fMRI are 
blind to the rapid cycle-to-cycle changes in neural activity, but sensitive to episodic 
changes in trem or output, and w ith  a view over the w hole brain.
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Electrophysiological studies have shown that there are cells firing at trem or 
frequency both in the basal ganglia [STN and pallidum; (Levy et al., 2000;Raz et al.,
2000)] and in the cerebellar thalamus [VIM; (Lenz et al., 1994;Magnin et al., 2000)]. 
However, the synchronicity o f these responses to trem or varies between regions. That 
is, pallidal neurons are only transiently and inconsistently coherent w ith  trem or 
(Hurtado et al., 1999;Raz et al., 2000), while  VIM neurons are highly synchronous w ith  
trem or (Lenz et al., 1994). These findings led to the conclusion tha t the basal ganglia 
cannot be the driving force behind resting trem or (Zaidel et al., 2009). MEG w ork 
supports this view, showing that a cerebello-thalamo-cortical circuit, rather than the 
basal ganglia, fires in synchrony w ith  ongoing resting trem or in PD (Tim m erm ann et 
al., 2003).
Several metabolic imaging studies (PET) investigated how "event-related" cerebral 
activity changed after deep brain stimulation o f the VIM, which reduces tremor amplitude. 
These studies found that VIM stimulation was associated w ith reduced activity in the 
cerebellum (Deiber et al., 1993;Fukuda et al., 2004), motor cortex (Fukuda et al., 2004) and 
medial frontal cortex (Fukuda et al., 2004). Another approach has been to localize cerebral 
activity that co-varied w ith  (between-subjects) differences in tremor amplitude. This 
revealed similar results, i.e. tremor-related activity in the cerebellum, ventrolateral 
thalamus, and motor cortex (Kassubek et al., 2001). Other PET studies compared baseline 
cerebral perfusion (a "tra it") between tremor-dominant and non-tremor PD patients. They 
found that tremor-dominant patients had relatively increased perfusion o f the thalamus, 
pons, and premotor cortex, as compared to non-tremor patients (Antonini et al., 1998). 
Compared to healthy controls, both PD groups had increased pallido-thalamic and 
pontine activity, and reduced activity in premotor cortex, supplementary motor area 
(SMA) and parietal cortex (Antonini et al., 1998). Accordingly, bradykinesia and rigidity 
were found to correlate w ith activity in the PD-wide network, but tremor did not (Eidelberg 
et al., 1994). These studies further support the idea that a cerebello-thalamo-cortical 
network is involved in tremor production.
Structural imaging: Two MRI studies used voxel based m orphom etry (VBM) to test 
fo r structural changes ("traits") in trem or-dom inant PD. These studies either compared 
trem or-dom inant PD w ith  non-trem or PD (Benninger et al., 2009), or w ith  controls 
(Kassubek et al., 2002). Trem or-dom inant patients had reduced gray m atter volum e in 
the right cerebellum (Benninger et al., 2009), and increased gray m atter volum e in the 
ventral intermediate nucleus (VIM) o f the thalamus (Kassubek et al., 2002). These 
findings f it  w ith  the involvem ent o f the cerebello-thalamo-cortical netw ork in tremor, 
as shown w ith  functiona l imaging (Deiber et al., 1993;Fukuda et al., 2004). However, it 
remains unclear how increased activation o f these areas can translate in both reduced 
and increased gray m atter volume.
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Taken together, these findings provide strong evidence for the involvem ent of 
the cerebello-thalamo-cortical circuit in PD resting tremor. On the other hand, a focal 
lesion (using stereotactic surgery) in either the basal ganglia [pallidum or STN; (Krack 
et al., 1997;Lozano et al., 1995)] or in the cerebellar loop [VIM; (Benabid et al., 1991)] can 
both arrest tremor. This rather suggests that both circuits have a causal role in trem or 
genesis. Thus, we are le ft w ith  another paradoxical situation: basal ganglia dysfunction 
seems to be required for the developm ent o f tremor, but only in conjunction w ith  the 
distinct cerebello-thalamic circuit.
M o d e ls  e x p la in in g  th e  o c c u rre n c e  o f  p a rk in s o n ia n  r e s t in g  t r e m o r
Several hypotheses have been put forward to explain the occurrence o f resting trem or 
in PD. As outlined above, there is evidence that both the basal ganglia and the cere- 
bello-thalam ic circuit are implicated in tremor. However, m ost models are based on 
detailed recordings in a lim ited set o f neurons (e.g. in vitro preparations), or a lim ited 
set o f structures (e.g. electrophysiological recordings). Therefore, most models focus 
on one "prim ary" circuit, and interpret the changes in the other circuit as secondary. 
This section elaborates on earlier reviews about the pathophysiology o f parkinsonian 
trem or (Deuschl et al., 2000;Elble, 1996;Rodriguez-Oroz et al., 2009). Here we have 
updated the ir discussion w ith  more recent evidence.
(1) The tha lam ic pacemaker hypothesis (Jahnsen and Llinas, 1984). This hypothesis 
is based on in vitro preparations o f guinea pig thalamic neurons, where it was found 
that the intrinsic biophysical properties o f thalamic neurons allow them  to serve as relay 
systems and as single cell oscillators at tw o  distinct frequencies, i.e. 9-10 and 5-6 Hz. 
Specifically, slightly depolarized thalamic cells tend to oscillate at 10 Hz, while 
hyperpolarized cells oscillate at 6 Hz (Llinas, 1988). Interestingly, these tw o  frequencies 
coincide w ith  the frequency o f physiological trem or and Parkinson's tremor, respectively. 
The key feature o f this model is that (single) thalamic neurons, not the basal ganglia 
circuitry, form  the trem or pacemaker. In vivo measurements in the thalamus o f human 
PD patients have questioned the presence o f these thalamic pacemaker cells. That is, 
the 6 Hz oscillatory mode is associated w ith  low threshold calcium spike bursts (LTS), 
and this pattern was not observed in the thalamus o f PD patients w ith  trem or (Zirh et 
al., 1998). In contrast, a second study did find a convincing LTS pattern in the thalamus 
(both the VLa and the VLp) o f PD patients (Magnin et al., 2000), possibly due to more 
sensitive processing techniques. However, LTS was present both in trem or-dom inant 
and in akinetic PD patients, and the bursts were not coherent w ith  peripheral tremor 
recordings. Thus, it remains unclear whether these thalamic pacemaker cells play a 
specific role in parkinsonian trem or (with respect to the other symptoms). Another issue 
concerns the mechanisms that drive thalamic cells into an oscillatory mode in PD. 
In theory, any mechanism that engenders membrane hyperpolarization, whether 
through reduction o f excitatory drive (disfacilitation) or excess inhibition, w ill trigger
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low-frequency rhythm icity o f thalamic neurons (Llinas et al., 2005). Several different 
mechanisms have been suggested. First, according to the classical model o f PD (Albin 
et al., 1989), the GPi sends increased (inhibitory) output to the thalamus, which may 
hyperpolarize thalamic neurons and thus trigger oscillations at 5-6 Hz (Llinas et al., 2005). 
However, this mechanism would predict a predominant role for the pallidal thalamus 
[VLa according to (Hirai and Jones, 1989)] in trem or genesis. This does not fit w ith 
findings from deep brain surgery, which show that interference w ith  the cerebellar 
thalamus [VLp according to (Hirai and Jones, 1989), VIM according to (Hassler, 1982)] is 
superior for treating trem or (Atkinson et al., 2002), or w ith  the finding that there are 
more trem or cells in the VLp than VLa (Magnin et al., 2000). Second, it has recently been 
proposed that increased inhib itory input from  the zona incerta (ZI) towards the VLp 
could hyperpolarize these thalamic neurons (Plaha et al., 2008). The ZI is located in the 
subthalamic region, medially w ith  respect to the STN. In non-hum an primates, the ZI 
receives projections from  the GPi [although mainly the cognitive division; (Sidibe et al., 
1997)], and it sends GABA-ergic projections to the VLp (Bartho et al., 2002). This makes 
the ZI an interface between the cortico-striatal and the cerebello-thalamic circuits, and 
its involvement in trem or may thus explain why both circuits are related to tremor. In 
line w ith  this hypothesis, deep brain stimulation o f the ZI can reduce trem or (Plaha et al.,
2006), and low-frequency stimulation o f the ZI can induce trem or in previously 
non-tremulous PD patients (Plaha et al., 2008). Third, it is possible that the hyper­
polarization o f thalamic VLp neurons is unrelated to pathophysiology in the basal 
ganglia (Rodriguez-Oroz et al., 2009). For example, the RRA [that is degenerated in 
trem or-dom inant PD; (Hirsch et al., 1992)] and the SNpc send sparse dopaminergic 
projections to the w hole thalamus, including the VLp (Sanchez-Gonzalez et al., 2005). 
Thus, thalamic dopamine depletion may directly alter the function o f neurons in the 
cerebellar thalamus. This hypothesis would suppose, however, that tremor-related 
responses in the basal ganglia are completely driven by afferent effects o f the tremor. 
This does not f it  w ith  the finding that deep brain surgery o f the basal ganglia can 
ameliorate trem or (Krack et al., 1997;Lozano et al., 1995), which implies a causal rather 
than a reactive role o f the basal ganglia.
(2) The tha lam ic  f i lte r  hypothesis  (Pare et al., 1990). This hypothesis is also based 
on in vitro  data, and proposes that parkinsonian resting trem or emerges when 
high-frequency (12-15 Hz) oscillations in the basal ganglia are transformed into a 4-6 
Hz pattern by thalamic VLa neurons. The key feature o f this hypothesis is that the 
trem or pacemaker is primarily located in the basal ganglia (pallidum), w ith  pallido- 
thalamic interactions determ ining the net frequency o f the tremor. This hypothesis 
seems to f it  w ith  recent data in non-hum an primates, where it was found that 10 Hz 
pallidal oscillations were only present in trem or-dom inant vervet monkeys, but not in 
non-trem or macaques (Rivlin-Etzion et al., 2010). In contrast, pallidal oscillations at 5 
Hz were present in both species. However, high-frequency stim ulation o f the pallidum
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did not spread to the m otor cortex (Rivlin-Etzion et al., 2008). This makes it unlikely 
tha t h igh-frequent oscillations in the basal ganglia drive PD resting trem or (Rivlin-Etzion 
et al., 2006;Zaidel et al., 2009). O ther w ork also questions the specific role o f 
high-frequency basal ganglia oscillations in the generation o f tremor. That is, 
dopaminergic treatm ent reduced the pathologically enhanced 8-35 Hz rhythm s in 
the STN o f PD patients, but this improved only akinesia and rigidity, but not trem or 
(Kuhn et al., 2006). Therefore, most authors relate the increased high-frequent (8-35 
Hz) oscillations in the basal ganglia o f PD patients to akinesia, not trem or (Hammond 
et al., 2007;Rivlin-Etzion et al., 2006).
(3) The STN-GPe pacem aker hypothesis (Plenz and Kital, 1999). This hypothesis is 
based on in vitro  data, and proposes tha t the STN and GPe constitute a central 
pacemaker that is modulated by striatal inh ib ition  o f GPe neurons. This pacemaker 
could be responsible for synchronized oscillatory activ ity  in the normal and 
pathological basal ganglia. However, these oscillations occurred at frequencies 
between 0.4 -  1.8 Hz, and it is unclear w hether they have any relationship w ith  
parkinsonian tremor, given the lack o f in vivo measurements. Thus, it is not possible to 
test w hether these oscillations are consistently coherent w ith  tremor, and hence this 
hypothesis suffers from  the same critique as model 2.
(4) The loss-of-segregation hypothesis (Bergman et al., 1998a). This hypothesis is 
based on the finding that -  in normal primates -  the activ ity  o f neighboring pallidal 
neurons is completely uncorrelated (Bar-Gad et al., 2003), while  parkinsonian primates 
develop markedly increased correlations between rem otely situated pallidal neurons 
(Bergman et al., 1998a). This could lead to excessive synchronization in the basal 
ganglia, resulting in trem or (Deuschl et al., 2000). Thus, the key feature o f this model is 
tha t the basal ganglia circuitry, not the thalamus, forms the trem or pacemaker. In line 
w ith  this hypothesis, parkinsonian primates show less selective neuronal responses to 
proprioceptive stim ulation in the entire pallido-thalam o-cortical loop (Filion et al., 
1988;Pessiglione et al., 2005b;Goldberg et al., 2002). These changes were found to be 
larger in the pallidum o f trem or-dom inant than non-trem or PD patients (Levy et al., 
2002), and hence related to tremor. However, as already mentioned, the inconsistent 
coherence between basal ganglia oscillations and trem or (Hurtado et al., 1999;Raz et 
al., 2000) complicates a causal link between these phenomena (Zaidel et al., 2009).
Taken together, the d ifferent models discussed above position the trem or pacemaker 
e ither in the thalamus (hypothesis 1), or in the basal ganglia (hypotheses 2-4). Since 
the cerebellar (not pallidal) thalamus is primarily involved in parkinsonian tremor, the 
thalamic pacemaker hypothesis does not account for the mechanisms that trigger 
thalamic oscillations, and it remains unclear w hether these mechanisms have any 
relationship w ith  basal ganglia dysfunction. On the other hand, the basal ganglia 
pacemaker hypotheses are more directly linked to the core pathophysiological
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F ig u re  1 T he  "d im m e r-s w itc h "  m o d e l o f  p a rk in s o n ia n  re s tin g  t re m o r
In tremor-dominant PD, dopaminergic cell death in the retrorubral area A8 causes dopamine 
depletion in the pallidum (in red). Pallidal dopamine depletion leads to emergence of 
transient, synchronized tremor signals in the striato-pallidal circuit. These tremor signals 
are relayed to the cerebello-thalamo-cortical circuit (in blue) via the primary motor cortex 
(red line between pallidum and primary motor cortex). The striato-pallidal circuit triggers 
tremor episodes, while the cerebello-thalamo-cortical circuit produces the tremor and 
controls its amplitude. This model is based on data by (Helmich et al., 2011a).
substrate o f PD, but these models struggle w ith  the fact tha t tremor-related oscillations 
in the basal ganglia are only transient and inconsistent in nature.
T h e  " d im m e r - s w itc h "  m o d e l o f  p a rk in s o n ia n  re s t in g  t r e m o r
In contrast to these previous models, which are based on detailed measurements in a 
lim ited set o f regions, we have adopted a systems-level view on trem or (Helmich et 
al., 2011a). Specifically, we used fMRI to identify cerebral responses tha t co-fluctuated 
w ith  spontaneous variations in trem or amplitude, as measured w ith  EMG during 
scanning (Helmich et al., 2011a, Helmich et al., 2011b;van Duinen et al., 2005;van 
Rootselaar et al., 2008). These am plitude fluctuations are very characteristic of 
parkinsonian tremor, and they do not occur in e.g. essential trem or (Elble and Koller,
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1990;Ropper and Samuels, 2009;Gao, 2004). This m ethod also allowed us to  quantify 
functiona l interactions between the basal ganglia and the cerebello-thalamic circuit. 
We obtained the fo llow ing  results: 1) trem or amplitude-related activ ity was localized 
to  the cerebello-thalamo-cortical circuit (VIM, cerebellum, and m otor cortex); 2) 
cerebral activ ity  tim e-locked to  the onset o f high-am plitude trem or episodes was 
localized to the basal ganglia and the cerebello-thalamo-cortical circuit; 3) trem or­
dom inant PD patients had increased functional connectiv ity between the basal 
ganglia and the cerebello-thalamo-cortical circuit, as compared to non-trem or PD 
and healthy controls. On the basis o f these data, we suggest the fo llow ing  model, 
which is also illustrated in Figure 1: (1) Transient signals from  the basal ganglia trigger 
tremor-related responses in the cerebello-thalamic circuit, which produces the tremor;
(2) These interactions occur in the m otor cortex, where both circuits converge (Hoover 
and Strick, 1999). This model provides a possible solution to the paradox outlined 
above: we show that the basal ganglia are required for triggering trem or episodes, 
although the cerebello-thalamo-cortical circuit produces the tremor. Given the 
emphasis on a combination o f basal ganglia contributions (that trigger trem or on / 
offset, analogous to a light switch) and cerebello-thalamic contributions (that 
modulate trem or intensity, analogous to a light dimmer), we call this novel model the 
dim m er-sw itch m odel o f PD resting tremor.
To indentify  the dopaminergic mechanisms underlying these changes, we compared 
striato-pallidal DAT binding between trem or-dom inant and non-trem or PD patients, 
using [123I]FP-CIT SPECT (Helmich et al., 2011a). This revealed that pallidal, but not 
striatal, dopamine depletion correlates w ith  the severity o f resting tremor. This finding 
could solve the dopaminergic paradox o f PD resting tremor. That is, the pallidum 
receives distinct dopaminergic projections from  the SNpc (Smith et al., 1989) and the 
RRA (Jan et al., 2000), but these same mesencephalic areas also send separate 
projections to the striatum [SNpc: (Anden et al., 1964); RRA: (Francois et al., 1999)]. This 
pattern o f divergence and convergence makes it unlikely that midbrain pathology 
can produce e ither pure striatal or pure pallidal dopamine depletion, although the 
degree o f dopamine depletion in each area may vary between patients. Thus, PD 
patients w ith  resting trem or w ill generally have some degree o f striatal dopamine 
depletion, explaining w hy the presence o f striatal dopamine depletion appears 
required for developing resting tremor. However, if pallidal but not striatal dopamine 
depletion is implicated in trem or genesis, then this explains w hy striatal DAT signal is 
not correlated w ith  trem or severity.
The dimmer-switch model combines several features o f the previous hypotheses. 
First, loss o f segregation in the dopamine-depleted pallidum may be a mechanism 
that drives both the emergence o f transient signals in the basal ganglia, and the 
increased connectiv ity between basal ganglia and m otor cortex. Second, these signals 
could hyperpolarize thalamic cells through the m otor cortex [i.e. via cortico-thalamic
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connections; (Rouiller et al., 1994)]. This model would explain why basal ganglia 
oscillations are only transient and inconsistent, w hy thalamic oscillations are highly 
synchronous w ith  the tremor, and thus w hy both basal ganglia and the cerebello- 
thalamic circuit are causally related to tremor. Our methods (fMRI) did not allow  us to 
detect oscillatory activ ity  at trem or frequency, and hence it remains an open question 
w hat determines the trem or frequency. Future electrophysiological studies linking 
oscillatory behavior to  variations in trem or am plitude may answer that question.
Electrophysiological studies are also necessary to validate our model. Most 
previous studies did not take trem or am plitude fluctuations into account, but focused 
on cycle-by-cycle coherence between neural and muscular activity, i.e. signals 
occurring at ~4 Hz. These approaches are blind to neural changes at the onset of 
high-am plitude trem or episodes, because neuromuscular coherence at 4 Hz is similar 
across low and high trem or am plitude (Reck et al., 2009). In one study, however, the 
authors recorded local field potentials (LFPs) from  the STN and related these signals to 
changes in trem or amplitude, as measured w ith  EMG (Wang et al., 2005). Interestingly, 
they found that beta band suppression in the STN preceded the onset o f activ ity at 
trem or frequency in the STN and muscle, while beta band activ ity  recovered after 
cessation o f the tremor. This finding indicates that abnormal responses in the basal 
ganglia could trigger high-am plitude trem or episodes, an interpretation that fits w ith  
our data (Helmich et al., 2011a). In the fo llow ing  paragraphs, we will discuss to what 
extent our model can explain several characteristic features o f PD resting tremor.
W h y  re s t in g  t r e m o r  s to p s  d u r in g  v o lu n ta r y  m o v e m e n ts
A characteristic feature o f PD resting trem or is its decrease during voluntary 
movements (Deuschl et al., 2000). This feature is routinely used in clinical practice to 
distinguish resting trem or from  other trem or forms (Deuschl et al., 1998), for example 
dystonic trem or (Schneider et al., 2007). However, the neural mechanisms underlying 
the interaction between vo luntary movements and resting trem or remain unclear. As 
outlined above, parkinsonian trem or results from  altered responses in both the basal 
ganglia and the cerebello-thalamic circuit. This indicates that vo luntary movements 
may interact w ith  resting trem or in either or both o f these circuits.
Movement-tremor interactions in the cerebello-thalamic circuit: According to our 
model, the cerebello-thalamo-cortical circuit produces the tremor. If these regions 
are causally related to trem or genesis, then voluntary movements may arrest resting 
trem or by replacing tremor-related responses w ith  movement-related activity. First, 
the VIM has a causal role in trem or genesis, (Benabid et al., 1991), and is also activated 
during vo luntary actions (Paradiso et al., 2004;Lenz et al., 1994). We recently tested 
w hether planning-related activity, measured using m otor imagery, w ould interact 
w ith  tremor-related activ ity  in the VIM (Helmich et al., 2011b). This was not the case: 
both responses co-occurred in the same thalamic VIM region, w ith  trem or amplitude
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being unaffected by m otor imagery. This indicates that planning-related activ ity  in 
the VIM does not remove tremor-related responses in this region, possibly because 
both processes involve (partly) d ifferent neuronal populations (Lenz et al., 1994;Magnin 
et al., 2000). Second, although the cerebellum is activated during parkinsonian tremor, 
this structure may not be causally linked to the trem or (unlike the VIM). Evidence for 
this idea comes from  cerebellectomy patient w ho later developed PD w ith  resting 
trem or (Deuschl et al., 1999). This finding does not support the proposal that voluntary 
m ovements stop resting trem or by activating the cerebellum (Kinoshita et al., 2010). 
And third, the m otor cortex is the only region w ith in  the trem or netw ork that has 
direct access to the corticospinal tract. Thus, it seems plausible that m otor execution 
and resting trem or interact w ith  each other in the m otor cortex or in the corticospinal 
tract. This possibility has not been investigated in detail. However, it should be noted 
tha t such interactions would not necessarily cause the trem or to stop. For instance, 
essential trem or occurs during vo luntary movements, and it is also associated w ith  
tremor-related responses in the same cerebello-thalamic circuit outlined above 
(Schnitzler et al., 2009). This indicates that, in essential tremor, vo luntary m otor 
commands and involuntary trem or responses can co-occur in the same neural 
structures. Together, these findings suggest that the typical term ination of 
parkinsonian trem or during vo luntary movements is not easily explained by 
interference w ith in  the cerebello-thalamo-cortical circuit.
Movement-tremor interactions in the basal ganglia: According to our model, 
transient responses in the basal ganglia can trigger tremor-related activ ity  in the cer- 
ebello-thalam o-cortical circuit. The pallidum is also activated during voluntary 
m ovem ent planning (Owen et al., 1998;Helmich et al., 2009). Movement-related 
activ ity  may replace tremor-related responses in the pallidum, and this could interfere 
w ith  trem or in tw o  ways. First, the absence o f in te rm itten t "triggers" from  the pallidum 
could cause the trem or to fade out. However, this mechanism does not explain why 
trem or is immediately reduced at the onset o f vo luntary movements, which suggests 
an active (instead o f a passive) disturbance o f the cerebello-thalamo-cortical trem or 
circuit. Second, the pallidum may actively inh ib it the m otor cortex during voluntary 
movements. That is, the pallidum is thoug ht to support action selection by exciting 
desired m otor programs, while  inhib iting all others [centre-surround inhib ition; (Mink, 
1996)]. A global inhib ition o f the m otor cortex during voluntary movements would 
actively interfere w ith  tremor-related firing in the cerebello-thalamic circuit, causing 
an immediate arrest o f the tremor.
Electrophysiological recordings in PD patients support the possibility that 
vo luntary movements interfere w ith  trem or through the pallidum (either passively or 
actively), because single pallidal neurons changed from  rhythm ic firing at trem or 
frequency to  more complex firing during vo luntary movements (Magnin et al., 2000). 
In our previous study, we found m otor imagery-related activ ity  in the pallidum, but
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this did not modulate trem or am plitude (Helmich et al., 2011b). This finding m ight be 
taken as evidence tha t tremor-related responses in the pallidum are not required for 
tremor. On the other hand, it is known that the pallidal subregion connected to the 
M1 is d ifferent from  the pallidal subregion connected to the PMd (Hoover and Strick, 
1993). Since m otor imagery involves processing in the PMd, but not in M1 (de Lange 
et al., 2005;de Lange et al., 2006;Helmich et al., 2007), planning- and tremor-related 
responses may occur in parallel. Hence, although higher level m otor control processes 
m ight not be sufficient to arrest tremor, such interference may occur during m otor 
execution.
W h y  re s t in g  t r e m o r  d e c re a s e s  w i t h  d is e a s e  p ro g re s s io n
Parkinsonian rest trem or has a puzzling feature tha t distinguishes it from  other PD 
symptoms: in some patients, trem or severity tends to decrease instead o f worsen 
during disease progression (Lees, 2007;Toth et al., 2004). One study found tha t trem or 
was lost in 9% o f patients late in the disease (Hughes et al., 1993). Accordingly, PD 
patients that have a trem or-dom inant subtype in the early phases o f the ir disease can 
convert into a non-trem or subtype later on, w ith  PIGD symptoms replacing the trem or 
(Alves et al., 2006). This suggests that the pathophysiological substrate o f non-trem or 
symptoms may at some point interact w ith  the neural underpinnings o f tremor. 
According to our model, resting trem or is produced by a cerebello-thalamo-cortical 
circuit, and hence depends on intact functioning  o f these regions. Thus, the 
progressing disease may target these regions and cause the trem or to stop. Indeed, 
post-m ortem  w ork has shown that the primary m otor cortex becomes affected in 
later stages o f PD (Braak et al., 2003). Furthermore, post-m ortem  w ork revealed an 
association between a non-trem or PD phenotype, cognitive disability and pathological 
lesions including cortical Lewy bodies, cortical amyloid-beta plaques, and cerebral 
amyloid angiopathy (Selikhova et al., 2009). Furthermore, it was found that the 
cognitive deterioration occurring in non-trem or PD [i.e. in the PIGD subtype; 
(Williams-Gray et al., 2007)] was associated w ith  cortical Lewy body pathology, instead 
o f cortico-striatal dysfunction (Williams-Gray et al., 2009). These studies indicate that 
progressing cortical Lewy body pathology may stop the tremor, and introduce 
dementia-like cognitive dysfunction. Genetic variations between patients, for instance 
in the tau gene (microtubule-associated protein tau; MAPT), may determ ine w hether 
patients develop these pathologies or not (Williams-Gray et al., 2009).
Another possibility is that resting trem or emerges as a compensatory mechanism 
down-stream o f the basal ganglia in order to  compensate for PD akinesia (Rivlin-Etzion 
et al., 2006). Failure o f compensatory mechanisms in later stages o f the disease may 
diminish the tremor. This possibility finds support in the fact that -  in MPTP models o f 
PD -  trem or usually appears several days after akinesia and rig id ity (Zaidel et al., 2009). 
However, this "compensatory hypothesis" does not explain w hy core pathophysiolog­
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ical processes, e.g. dopaminergic cell loss in the RRA (Hirsch et al., 1992), and dopamine 
depletion in the pallidum (Helmich et al., 2011a;Bernheimer et al., 1973;Mounayar et al.,
2007) are linked to tremor.
W h y  t r e m o r  has a v a r ia b le  re s p o n s e  t o  d o p a m in e r g ic  t r e a tm e n t
Previous w ork has already extensively reviewed the response o f trem or to d ifferent 
pharmacological preparations (Elble, 2002;Fishman, 2008), and here we will not repeat 
this. It is interesting though, tha t levodopa and other dopaminergic drugs are generally 
less efficacious against trem or than other key features o f PD, an assumption that is 
generally accepted w ith o u t clear explanation or formal assessment (Rodriguez-Oroz 
et al., 2009;Fishman, 2008). If trem or is indeed triggered by dopamine depletion, as 
most models assume, then w hy do some patient fail to respond to dopaminergic 
treatment? One possibility is that there are different pathophysiological pathways 
leading to tremor, which are not all dopamine-dependent. For example, trem or m ight 
be driven by dopaminergic changes in the pallidum (Helmich et al., 2011a), or by 
serotonergic changes in the midbrain (Doder et al., 2003). These possibilities are not 
m utually exclusive. Pathophysiological variability between patients could lead to 
variability in the therapeutic response. Another possibility is that there are crucial 
temporal w indows during disease progression in which the trem or is responsive to 
dopaminergic treatm ent. For example, it could be speculated that basal ganglia 
signals are required for driving the cerebello-thalamo-cortical circuit into trem or only 
during the early phases o f the disease. A fter a prolonged period o f trem or (i.e. later in 
the disease), the cerebello-thalamo-cortical circuit m ight be so entrained by the 
trem or that it oscillates even in the absence o f basal ganglia signals, perhaps due to 
depletion o f inh ib ito ry neurotransm itters in this circuit (Boecker et al., 2010). This 
would predict that the response o f trem or to dopaminergic therapy is modulated by 
disease duration. Finally, one interesting report investigated the effect o f dopaminergic 
treatm ent on the oscillatory trem or netw ork in PD (Pollok et al., 2009). They found that 
levodopa specifically reduced thalam o-cortical coupling. This fits w ith  our 
dimmer-sw itch model (Figure 1), i.e. the cerebello-thalamo-cortical circuit is primarily 
involved in trem or genesis, but activ ity in this circuit is modulated by dopamine- 
dependent areas such the basal ganglia.
W h y  t r e m o r  in d ic a te s  a b e n ig n  PD s u b ty p e
We have reviewed and discussed several clinical and pathophysiological differences 
between trem or-dom inant and non-trem or PD subtypes. Based on these findings, we 
propose three main pathophysiological differences between trem or-dom inant and 
non-trem or PD. First, there is converging evidence from  post-m ortem  and nuclear 
imaging studies that trem or-dom inant PD patients have relatively benign nigrostriatal 
degeneration. These differences may explain between-group differences that are
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unrelated to tremor. Second, there is post-m ortem  evidence that non-trem or PD 
patients have more cortical lesions than trem or-dom inant PD patients, and these 
im pairments may explain the worse cognitive dysfunction o f non-trem or PD patients. 
Appearance o f such cortical lesions w ith  advancing disease may also explain why 
trem or can diminish or even disappear after several years in some patients. Third, 
trem or-dom inant PD patients have more severe degeneration than non-trem or 
patients in the RRA, which sends dopaminergic projections to the basal ganglia (i.e. 
striatum, pallidum, STN) and ZI. Dopamine depletion in these regions could cause 
pathological oscillations that trigger tremor-related activ ity  in the cerebello-thalamo- 
cortical circuit.
Summary and conclusion
We propose tha t Parkinsonian rest trem or involves both the basal ganglia and the 
cerebello-thalamic circuit. Previous trem or models have focused on localizing the 
trem or pacemaker in either one o f these tw o  distinct circuits. These models have 
provided valuable in form ation about the cellular mechanisms that underlie the 
emergence o f oscillatory behavior in these circuits, but they were unable to solve one 
crucial paradox: w hy is trem or produced by the cerebello-thalamic circuit, but only in 
the presence o f striato-pallidal dopaminergic dysfunction? A systems-level view on 
trem or is necessary to answer this question. We have suggested a new "dimmer-switch 
m odel" o f parkinsonian trem or (Helmich et al., 2011a), which combines several features 
o f previous models: pallidal dopamine depletion causes pathological oscillations in 
the striato-pallidal circuit, which triggers -  through the m otor cortex -  tremor-related 
activ ity  in the cerebello-thalamic circuit. This model should be validated using elec­
trophysiological recordings, which may focus on oscillatory phenomena that are 
tim e-locked to changes in trem or amplitude.
This model may have clinical implications for the treatm ent o f tremor: if the basal 
ganglia are on ly transiently involved at the onset o f trem or episodes, then deep brain 
stim ulation o f the STN or pallidum may be applied more selectively in an "event- 
related" manner, interrupting activ ity  in these regions only when required. For this 
approach to work, one has to be able to  accurately predict the onset o f trem or 
episodes. This may be done by using the same electrodes (e.g. in the STN) to identify 
tremor-related signals that typically proceed trem or episodes (Wu et al., 2010), for 
example desynchronization in the beta band (Wang et al., 2005). A "probe-and-inter- 
fere" approach may prolong the life span o f implanted batteries (Wu et al., 2010), and 
it may possibly prevent neuropsychiatric side effects o f continuous deep brain 
stim ulation in the basal ganglia (Voon et al., 2006).
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Finally, a similar systems-level approach as adopted here could be used to 
investigate other trem or pathologies, such as essential tremor. Interestingly, essential 
trem or is associated w ith  (partly) the same cerebello-thalamo-cortical circuit as 
parkinsonian tremor. For example, both disorders have tremor-related oscillatory 
activ ity  in largely the same netw ork (Schnitzler et al., 2009;Timmermann et al., 2003), 
and in both disorders deep brain stim ulation o f the VIM can reduce trem or (Benabid 
et al., 1991). This opens the possibility tha t one core cerebral circuit can be driven into 
various forms o f trem or when triggered by signals from  different m odulatory brain 
regions. For instance, activ ity  in the basal ganglia may trigger episodes o f parkinsonian 
tremor, while other areas (e.g. the inferior olivary nucleus) may trigger episodes o f 
essential tremor.
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Cerebral compensation during motor 
imagery in Parkinson's disease
Abstract
In neurodegenerative disorders, neural damage can trigger compensatory mechanisms 
that m inim ize behavioural impairments. Here, we aimed at characterizing cerebral 
compensation during m otor imagery in Parkinson's disease (PD), while  controlling for 
altered m otor execution and sensory feedback. We used a w ith in -p atien t design to 
compare the most and least affected hand in 19 right-handed PD patients w ith  
markedly right-lateralized symptoms. We used a m otor imagery (MI) task in which the 
patients were required to judge the laterality o f hand images, rotated either in a lateral 
or in a medial orientation w ith  respect to the body sagittal plane. This design allowed 
us to  compare cerebral activ ity  (using fMRI) evoked by MI o f each hand separately, 
while  objectively m onitoring task performance. Reaction times and parieto-prem otor 
activ ity  increased in a similar manner as a function o f stimulus rotation during m otor 
imagery o f le ft and right hands. However, patients were markedly slower when 
judging images o f the affected hand in lateral orientations, and there was a 
corresponding increase in activ ity in the right extrastriate body area (EBA) and 
occipito-parietal cortex during mental rotation o f the affected hand. Furthermore, 
these regions increased the ir connectiv ity towards the le ft PMd for right (affected) 
hands in a lateral orientation. We infer that, in strongly lateralized PD patients, m otor 
imagery o f the most-affected hand exploits additional resources in extrastriate visual 
areas. These findings characterize the cerebral bases o f the increased dependence on 
visual in form ation processing during the generation o f m otor plans in PD, pointing to 
its compensatory role.
Published as:
Helmich RC, De Lange FP, Bloem BR, Toni I (2007) Cerebral compensation duing m otor imagery 
in Parkinson's disease. Neuropsychologia 45: 201-21
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Introduction
Parkinson's disease (PD) is a neurodegenerative disease characterized by deficits in 
m otor control, which are clinically apparent as bradykinesia, hypokinesia and akinesia 
(Berardelli et al., 2001). At the neuronal level, the disease is characterized by progressive 
cell death in the substantia nigra pars compacta, which leads to dopamine depletion 
in the striatum and indirectly to cortical dysfunction (Braak et al., 2003;Marsden, 1982). 
The clinical signs are an expression o f altered neural processing at one or more stages 
o f m ovem ent generation, including m otor planning, m otor execution and sensory 
feedback (Marsden, 1982). The m otor deficits can be improved when PD patients are 
provided w ith  external sensory cues (Bloem et al., 2004). This suggests that impaired 
motor-related cerebral function can be compensated for by additional processing 
(e.g. enhanced atten tion  or increased reliance on visual features), which implies that 
cerebral compensatory mechanisms occur in chronically progressive neurodegenera­
tive disorders (Palop et al., 2006). These mechanisms may rely on local changes in 
neuronal properties, like synaptic plasticity (Bezard and Gross, 1998), but they may 
also arise from  system-level changes in cerebral circuits supporting a given cognitive 
process. In computational terms, compensation w ith in  a cerebral circuit is known as 
degeneracy, namely 'the ab ility o f elements that are structurally d ifferent to perform  
the same function or yield the same ou tput' (Edelman and Gally, 2001). Degeneracy 
implies that structurally d ifferent cerebral circuits are able to contribute to one 
particular function. If one node or circuit fails, o ther circuits may take over and prevent 
deficits in overt behaviour. In PD, degeneracy may explain w hy so many neurons in 
the substantia nigra can die before they are missed at the clinical level, and w hy the 
disease progresses so slowly. Specifically, degeneracy m ight involve the engagement 
o f additional (compensatory) brain regions in a cerebral circuit, thereby preserving its 
functional ou tp ut in behavioural terms. Also, the chronicity o f neurodegenerative 
disorders allows the brain to  deploy compensatory mechanisms -  fo r example by 
increasing neuronal activ ity  in relatively unaffected regions. Thus, w ith in  the 
boundaries set by neuronal loss, the nervous system has a notable capacity to 
maintain neurological functions (Palop et al., 2006;Price and Friston, 2002). This may 
have im portant implications, since it shifts the focus o f therapeutic in tervention from  
neurons that are lost to those that survive.
Several neuroimaging studies have been performed to investigate changes in 
functional networks in PD, finding decreased activ ity in mesial frontal regions and 
increased activ ity  in cerebellum, lateral prem otor and parietal regions (Sabatini et al., 
2000;Samuel et al., 1997;Haslinger et al., 2001). A similar pattern o f increased activ ity  in 
the right rostral cingulate m otor area and left dorsal prem otor cortex (PMd) was found 
in presymptomatic gene-carriers at risk for developing PD (Buhmann et al., 2005), 
confirm ing that compensatory changes at the netw ork level are very early adaptations
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o f the brain to maintain behavioural functions, even before a neurodegenerative 
disease becomes visible to the clinical eye.
These studies have used m otor execution tasks, and the ir results indicate that 
degeneracy may occur at the level o f m otor planning, m otor execution, or even be 
related to  abnormal sensory feedback (Boecker et al., 1999;Seiss et al., 2003). To resolve 
this ambiguity, other studies have used m otor imagery (MI) paradigms in PD patients 
(Cunnington et al., 2001a;Samuel et al., 2001;Thobois et al., 2000), where patients were 
asked to imagine perform ing movements while  brain activ ity  was recorded. These 
studies excluded that the altered cerebral activ ity  during MI in PD could be due to 
altered m otor ou tput or sensory feedback, but it remains unclear to w hat extent these 
results reflect the inability o f PD patients to solve a task, i.e. to select appropriate 
m otor circuits and inh ib it inappropriate ones. It has been argued that to reliably 
a ttribute  cerebral activation patterns to compensatory mechanisms, it is necessary to 
use tasks tha t the patient can perform  (Price and Friston, 2002), while  allowing for 
objective measures o f patients' performance and strategies.
Here, we have quantified performance o f PD patients during a m otor imagery 
task, while measuring cerebral activ ity  w ith  event-related fMRI. When asked to judge 
the laterality o f a rotated image o f a hand, human subjects solve the task by m entally 
m oving the ir own hand from  its current position into the stimulus orientation for 
comparison (Parsons, 1987). A direct comparison between mental rotation o f hands 
(m otor imagery) and mental rotation o f letters (visual imagery) has revealed that MI is 
supported by a specific parieto-prem otor netw ork (de Lange et al., 2005) that closely 
resembles the cerebral ne tw ork activated during m otor preparation (Thoenissen et 
al., 2002) and partially overlaps w ith  structures involved during m ovem ent execution 
(Hanakawa et al., 2003;Decety, 1996), showing the same somatotopical distribution 
(Michelon et al., 2006). Psychophysical studies in healthy controls have documented 
tha t making hand laterality judgem ents and executing a m ovem ent to match the 
hand position depicted on the screen fo llow  the same temporal profile and the same 
hand-specific jo int-constraints (Parsons, 1987;Parsons, 1994;Sekiyama, 1982).
Furthermore, the position o f the subjects' own hand has been found to affect 
both behavioural performance (Shenton et al., 2004) and cerebral activ ity  (de Lange 
et al., 2006) during the hand laterality judgem ent task in a hand-specific manner. This 
underlines that the hand laterality judgm ent task implies first-person m otor imagery. 
Using a d ifferent task involving third-person m otor imagery, no such effect o f body 
posture was found (Fischer, 2005). Accordingly, the hand laterality judgem ent task 
allows one to assess behavioural and neural correlates o f m otor imagery separately 
fo r the le ft and right hand. We have exploited this task feature and tested PD patients 
w ith  lateralized symptoms during performance o f hand laterality judgem ents, 
comparing behavioural and neural performance between the most and least affected 
hand in a w ith in -p atien t design. By quantifying m otor imagery performance and its
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supporting cerebral activity, it becomes possible to distinguish w hether differences 
in cerebral activ ity  during m otor imagery o f the tw o  hands were related to altered 
task performance or to compensatory mechanisms.
Methods
P a t ie n ts  &  c o n t ro ls
Main experiment: Nineteen right-handed id iopathic Parkinson's Disease patients (13 
men, 53.2 ± 9.1 years, mean ± SD) participated after giving w ritten  informed consent 
according to institu tional guidelines o f the local ethics com m ittee (CMO region 
Arnhem -Nijmegen, Netherlands). Before scanning, the patients' disease severity was 
assessed by one examiner (RCH) using the Hoehn & Yahr stages and the Unified 
Parkinson's Disease Rating Scale (UPDRS; see Table 1). Patients were included when 
they had idiopathic Parkinson's disease, diagnosed according to  the UK Brain Bank 
criteria by an experienced m ovem ent disorders specialist (BRB), w ith  clearly right- 
lateralized symptoms. Exclusion criteria were: moderate-severe tremor, cognitive 
dysfunction (i.e. m ini mental state exam ination < 24), other neurological diseases 
(such as severe head trauma or stroke), and general exclusion criteria for MRI scanning 
(such as claustrophobia, pace-maker, and implanted metal parts). Six patients did not 
yet use any anti-parkinson medication; the others used dopaminergic medication 
(levodopa or dopamine-agonists). The experiments were carried ou t in the morning, 
and the patients were asked not to take the ir medication the evening before the 
experiment. Thus, they were all off-m edication fo r at least 12 hours during the 
experiment (i.e. in a practically defined off-cond ition (Langston et al., 1992)).
Control experiment: In a second, behavioural (control) experiment, we compared 
12 o f the PD patients m entioned above (eight men, 56.4 ± 10.0 years, mean ± SD) w ith  
tw o  groups o f right-handed, healthy control subjects: 10 age- and sex-matched 
elderly volunteers (six men, 57.0 ± 6.2 years, mean ± SD) and 15 young volunteers 
(seven men, age 26.7 ± 3.3, mean ± SD).
S t im u li,  t im e  c o u rs e  a n d  p ro c e d u re s
Main experiment: We used line drawings o f le ft and right hands, w ith  either the back 
or the palm o f the hand in view. The left and right hands drawings were identical 
m irror images. The hand drawing could be shown rotated from  its upright (0°) position 
in e ither a counter-clockwise (CCW) or a clockwise (CW) orientation. For both 
orientations, three d ifferent rotations from  45° to 135° in steps o f 45° were used. This 
yielded 8 d ifferent rotations (Fig. 1). These stimuli were presented through a PC 
running Presentation software (Neurobehavioural systems, Albany, USA). They were 
projected via a m irror above the patients' heads onto a screen. The stim uli subtended
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T a b le  1 C lin ica l c h a ra c te r is tic s
Nineteen patients (13 men; age 53.2 ± 9.1 years, mean ± SD) w ith idiopathic Parkinson's 
disease were tested in a practically-defined off-state (i.e. more than 12 hours after having 
taken their last medication). All patients were consistent right-handers. Patients had 
markedly asymmetric symptoms lateralized to  the right side o f their body. UPDRS: Unified 
Parkinson's Disease Rating Scale; H&Y: Hoehn and Yahr rating scale.
Patient Sex Age (years) H & Y UPDRS-L UPDRS-R
1 m 39 2 3 17
2 m 48 2.5 4 18
3 f 51 2 7 12
4 m 48 3 3 15
5 m 53 2 2 10
6 m 50 1.5 2 10
7 f 54 1 2 1
8 m 51 3 9 24
9 f 59 2 6 15
10 m 68 2 8 15
11 m 65 2 3 8
12 m 56 2 7 16
13 m 34 1.5 0 14
14 m 50 3 7 14
15 m 53 2 5 17
16 f 67 2 6 14
17 m 65 1.5 0 6
18 f 43 2 9 16
19 f 56 2 4 14
Mean 13 males 53 2.1 4.6 13.5
SD 9 0.5 2.8 5.0
a visual angle o f ~10°. The patients' task was to report w hether the hand drawing on 
display represented a le ft or a right hand (regardless o f its rotation) by pressing one of 
tw o  buttons attached to the ir le ft and right big toe. The stimuli were serially presented 
in a random order. During scanning, reaction times and error rates were measured for 
subsequent behavioural analysis. The imaging session consisted o f 30 task blocks 
(duration ~60 sec per block) interm ixed w ith  30 baseline periods (duration 10 sec). 
Each block consisted o f 16 trials, which started w ith  a fixation cross, displayed for a 
variable interval (1.5-2.5 sec), fo llow ed by the presentation o f a hand drawing. When 
a response was provided, the stimulus was replaced by the fixation cross till the
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Stim ulus rotation
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F ig u re  1 Task s e tu p  (m a in  e x p e r im e n t)
Subjects had to judge whether the stimulus was a left or right hand, irrespective o f its 
rotation (from 0° to  315° in 8 steps o f 45°). The stimulus could be orientated either laterally 
or medially w ith respect to  the body axis. Counter-clockwise rotations (-135°, -90° and 
-45°) were averaged and coded as a lateral orientation for left hands and a medial 
orientation for right hands (lateral: rotations in continuous squares). Clockwise rotations 
(135°, 90° and 45°) were averaged and coded as a medial orientation for left hands and a 
lateral orientation for right hands (medial: rotations in dashed squares). In our analyses 
we focussed on tw o  effects: 1) brain activity that increased as a function o f stimulus 
rotation for one hand but not the other (HAND x ROTATION interaction); 2) brain activity 
that changed as a function o f stimulus orientation (clockwise or counter-clockwise 
rotations) for one hand but not the other (HAND x ORIENTATION interaction).
presentation o f the next hand drawing. Rotation and laterality o f the hand drawings 
were randomized from  trial to trial. On the basis o f p ilot data, the reaction tim e cut-o ff 
was set at 5.0 s. In total, subjects performed 480 trials, leading to a total scanning tim e 
o f ~40 minutes. During the experiment, the posture o f the patients' le ft and right arm 
was manipulated. At the beginning o f each block, a cartoon instructed the patients to 
position their arms in one o f three postures: 1) both arms extended; 2) the le ft forearm 
flexed, right arm extended 3) the right forearm flexed, right arm extended. The period 
during which the cartoon was displayed and the instruction for postural adjustm ent 
took place (duration 7 sec) was fo llow ed by a baseline period during which a fixation 
cross was displayed on the screen. Each posture change was fo llow ed by a block o f 16 
trials. During the w hole experiment, the patients were lying supine in the scanner, 
facing the bore o f the magnet, unable to see their hands. Before the start o f the scanning
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session, patients were trained until they could perform the task w ith an accuracy o f at least 
90% correct responses. All patients were able to perform the task after the training. 
Furthermore, after being positioned in the MR-scanner, but before the start o f the MR 
measurements, the patients performed a simple stimulus-response task to assess possible 
differences in response times between the left and the right foot. During this test the 
patients saw 20 pictures o f a red circle and 20 pictures o f a green square, in randomised 
order, and responded w ith either their left or right foot to either visual stimulus according to 
a pre-defined mapping. This control task served to asses whether differences in reaction 
times were due to differences in the foot response.
Control experiment: We used realistic photos o f le ft and right hands, w ith  either 
the back or the palm o f the hand in view. The left and right hands stimuli were 
identical m irror images. The picture o f the hand could be shown rotated from  its 
upright (0°) position in e ither a counter-clockwise (CCW), a clockwise (CW) orientation, 
or turned upside down (180°). For both orientations, five different rotations from  20° 
to  100° in steps o f 20° were used. These stim uli were presented through a PC running 
Presentation software (Neurobehavioural systems, Albany, USA).
The subjects (both patients and controls) were seated in fron t o f a computer 
screen w ith  their le ft and right big toe on a response button. Their task was the same 
as in the main experiment: they had to  respond w ith  their le ft or right foo t when they 
saw a picture o f a le ft or right hand, respectively. The laterality and rotation o f the 
stim uli were randomized. In total, the subjects saw 352 stimuli, leading to a 
measurement tim e o f ~20 minutes. The stim uli were presented in 44 blocks o f 8 trials. 
At the beginning o f each block, the subjects were asked to adopt one o f four possible 
body postures: both hands palm-up, both hands palm -down, le ft hand palm-up & 
right hand palm-down, right hand palm-up & left hand palm -down. A plate positioned 
over the ir hands prevented vision o f the ir body posture. When the subjects' own hand 
posture matched the view o f the stimulus on the screen (e.g., the subject saw a 
picture o f a le ft hand w ith  the palm in view, and at the same tim e his own hand was 
positioned w ith  the palm upwards), the body posture fo r this trial was coded as 
"matching". W hen the subjects' hand did not match the view o f the stimulus on the 
screen (e.g., the subject saw a picture o f a le ft hand w ith  the palm in view, and at the 
same tim e his own hand was positioned w ith  the palm downwards), the body posture 
fo r this trial was coded as "non-matching".
B e h a v io u ra l a n a ly s is
Main experiment: First, we analysed the influence o f the factors ROTATION (8 levels: 
from  0° to 345° in steps o f 45°) and HAND (2 levels: l e f t  or r ig h t )  by means o f a repeated 
measures ANOVA on reaction times collected during scanning. For clarity, experimental 
factors are marked in upper case (i.e., HAND), levels w ith in  a factor are marked in small 
caps (i.e., l e f t ) . Then, we proceeded to  test the effect o f biomechanical constraints
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and body posture on the behavioural performance. The term  "biomechanical 
constraints" refers to the reaction tim e difference in m entally rotating a hand towards 
a lateral, as compared to a medial orientation w ith  respect to the body axis. Lateral 
and medial orientations were coded as follows: CCW rotations (-135°, -90° and -45°) 
were averaged and recoded as a lateral orientation fo r le ft hands and a medial 
orientation for right hands; CW rotations (135°, 90° and 45°) were averaged and 
recoded as a medial orientation for le ft hands and a lateral orientation for right hands. 
The effect o f factors HAND (2 levels: l e f t  or r ig h t ) , stimulus ORIENTATION (2 levels: 
l a t e r a l , m e d i a l ) and body POSTURE (2 levels: e x t e n d e d , f l e x e d ) on the reaction times was 
calculated in a repeated-measures ANOVA. The Greenhouse-Geisser method was 
used to correct for non-sphericity. Alpha-level was set at p=0.05.
Control experiment: We analysed the influence o f the factors HAND (2 levels: l e f t  or 
r i g h t ) , ORIENTATION (2 levels: l a t e r a l  or m e d i a l  ) and body POSTURE ( m a t c h i n g , n o n - m a t c h in g  ) 
by means o f a three-way repeated measures ANOVA on reaction times. GROUP ( p a t ie n t s , 
e l d e r l y  c o n t r o l s , y o u n g  c o n t r o l s ) was used as a between-subjects factor. Lateral and 
medial orientations were calculated in the same way as m entioned above for the 
main experiment. The Greenhouse-Geisser m ethod was used to correct for non­
sphericity. Alpha-level was set at p=0.05.
Im a g e  a c q u is i t io n
Functional images were acquired on a Siemens SONATA 1.5 T MRI system (Siemens, 
Erlangen, Germany) equipped w ith  echo planar imaging (EPI) capabilities, using the 
standard head coil fo r radio frequency transmission and signal reception. Blood 
oxygenation level-dependent (BOLD) sensitive functiona l images were acquired using 
a single shot gradient EPI-sequence [TE/TR = 40/2560 ms; 32 axial slices, voxel size =
3.5 x 3.5 x 3.5 mm; field o f v iew (FOV) = 224 mm]. H igh-resolution anatomical images 
were acquired using an MP-RAGE sequence (TE/TR = 3.39/2250 ms; voxel size = 1.0 x 
1.0 x 1.0 mm, 176 sagittal slices; FOV = 256 mm).
Im a g e  a n a ly s is
Functional data were pre-processed and analysed w ith  SPM2 (Statistical Parametric 
Mapping, www.fil.ion.ucl.ac.uk/spm ). First, functional images were spatially realigned 
using a sinc interpolation a lgorithm  that estimates rigid body transform ations 
(translations, rotations) by m inim izing head-movem ents between each image and 
the reference image (Friston et al., 1995). Subsequently, the time-series for each voxel 
was realigned tem porally to acquisition o f the first slice. Images were normalized to a 
standard EPI tem plate centred in Talairach space (Ashburner and Friston, 1999) by 
using 12 linear parameters (translation, rotation, zoom, and shear) and resampled at 
an isotropic voxel size o f 2 mm. The normalized images were smoothed w ith  an 
isotropic 10 mm fu ll-w id th-at-ha lf-m axim um  (FWHM) Gaussian kernel. Anatomical
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images were spatially coregistered to the mean o f the functiona l images (Ashburner 
and Friston, 1997) and spatially normalized by using the same transform ation matrix 
applied to the functional images. The ensuing pre-processed fMRI tim e series was 
analysed at the first level using an event-related approach in the context o f the 
General Linear Model (GLM). Then, the contrast images from  the first level were 
entered into the second level in a w ith in -patients analysis o f variance (ANOVA).
G e n e ra l L in e a r  M o d e ls
We used tw o  d ifferent GLMs to  analyse tw o  different effects in our data. The first 
model (GLM-1) was aimed at finding regions where activ ity changed as a function  of 
stimulus rotation for e ither hand. This model considered the laterality o f the hand 
drawing on display (factor HAND, 2 levels: l e f t , r ig h t ) , and its ROTATION (5 levels: 0°, 45°, 
90°, 135°, 180°; clock-wise and counter-clockwise rotations were collapsed) as 
independent explanatory variables. We used a linear basis function for the m odulation 
o f cerebral activ ity  by stimulus rotation (parametric modulation). This gave rise to a 
model w ith  tw o  different conditions (le ft hands, right hands), each w ith  a linear 
parametric m odulation o f stimulus rotation.
The second model (GLM-2) was aimed at finding regions where activ ity  changed 
as a function o f stimulus ORIENTATION (lateral or medial) fo r e ither hand. Additionally, 
we investigated how activ ity in those regions was modulated by the patients' own 
body POSTURE. This model considered the laterality o f the hand drawing on display 
(factor HAND, 2 levels: l e f t , r ig h t ) , its ORIENTATION (4 levels: l a t e r a l , m e d i a l , u p r i g h t  (0 
degrees), d o w n  (180 degrees)) and the patients' own body POSTURE (2 levels: f l e x e d , 
e x t e n d e d ) .  This gave rise to a model w ith  16 d ifferent conditions.
Finally, both models included separate regressors o f no interest, modelling 
posture changes, incorrect and missed responses, residual head movement-related 
effects, signal o f segmented w hite  m atter and cerebral spinal flu id (Verhagen et al., 
2006), and low-frequency signal drifts over time. Parameter estimates for all regressors 
were obtained by m axim um -likelihood estimation, while  using a temporal high-pass 
filte r (cut-o ff 60 sec), and modelling temporal autocorrelation as an AR(1) process. 
Linear contrasts pertaining to the main effects and interactions o f the factorial design 
were calculated. Consistent effects across patients were tested using tw o  d ifferent 
random effects analyses. In GLM-1, for each patient tw o  contrast images (rotation-re­
lated activ ity  fo r le ft hands and for right hands) were entered into a w ith in -patient 
ANOVA. In GLM-2, for each patient eight contrast images (resulting from  the 2 x 2 x 2 
interaction: HAND (left, right) x ORIENTATION (lateral, medial) x POSTURE (flexed, 
extended)) were entered into a w ith in -patien t ANOVA.
C o n tra s ts
We tested fo r tw o  d ifferent effects in our data, namely the effect o f factor HAND on
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ROTATION-related activ ity  (GLM-1) and the effect o f factor HAND on ORIENTATION- 
related activ ity  (GLM-2).
First, we looked for differences in rotation-related activ ity between hands. This 
refers to cerebral activ ity  that increased linearly as a function  o f stimulus rotation. 
Brain regions that show this activ ity pattern are though t to be specifically involved in 
mental rotation. We searched for regions where BOLD response changed as a function 
o f HAND, ROTATION or an interaction o f these factors. When testing the interaction, 
we always confined our search to regions that also showed a main effect o f rotation 
fo r that hand using inclusive masking. For instance, the contrast "RH-rotation > 
LH-rotation" was masked by the contrast "RH-rotation", and the contrast "LH-rotation
> RH-rotation" was masked by the contrast "LH-rotation".
Second, we looked for differences in orientation-related activ ity  between hands, 
fo llow ing  the behavioural effect. We looked fo r regions where activ ity  changed as a 
function  o f HAND, ORIENTATION or an interaction o f these factors. When looking into 
the biomechanical constraints o f each hand, we confined our search to regions that 
were specifically involved in mental rotation o f that hand, using inclusive masking. For 
instance, when assessing the biomechanical constraints o f right hands, we masked 
the contrast "RH-lateral > RH-medial" w ith  the contrast "RH -rotation" (from GLM-1). 
For le ft hands, we masked the contrast "LH-lateral > LH-medial" w ith  the contrast 
"LH -rotation" (from GLM-1). This approach was based on the idea that a m odulation o f 
activ ity  by stimulus rotation is necessary to label a region as being involved in the task 
(e.g. mental rotation). Post-hoc, we fu rther characterized orientation-related activity 
specific for the right hand by investigating the effect o f the patients' own (right) arm 
posture on activ ity  in those regions. It should be emphasized that this analysis served 
only to better describe the role o f those regions. Hence, we restricted our analysis to 
the right hand, and did not test for between-hand differences. We expected the 
difference between lateral and medial orientations to increase when the patients' 
own arm was positioned in a medial orientation (i.e. flexed arm posture). Therefore, 
we investigated w hether orientation-related activ ity  in those regions increased as a 
function  o f body posture (i.e. POSTURE (flexed vs. extended) x ORIENTATION 
(lateral>medial). Second, we tested which o f those brain regions showed similar ori­
entation-related activ ity  fo r both postures (conjunction analysis o f "extended posture; 
lateral>medial" and "flexed posture; lateral>medial") (Nichols et al., 2005). All contrasts 
were masked by the rotation-related netw ork for the right hand (i.e. "RH- rotation").
S ta t is t ic a l in fe re n c e
Statistical inference (p<0.05) was performed at the cluster-level, correcting fo r m ultip le 
comparisons over the search volum e (i.e., the w hole  brain). The intensity threshold 
(i.e. at the voxel level) was set at p < 0.01 fam ily-w ise error corrected (to identify 
the general, rotation-related network; see Fig. 3 and Table 2), or p <0.01 uncorrected
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(all o ther analyses). Additionally, we focused our analysis on four a-priori regions, 
previously shown to be specifically involved in m otor imagery o f hand m ovements 
(le ft and right posterior parietal cortex, PPC [-18 -66 +48] and [+20 -66 +52]; le ft and 
right dorsal prem otor cortex, PMd [-24 -8 +54] and [+30 -8 +56]; (de Lange et al., 2006)). 
More specifically, we drew four spherical volumes o f interest (VOIs) centered at these 
coordinates w ith  a radius o f 10 mm. W ith in  these regions, statistical inference was 
performed as described above. Last, as described above, we post-hoc tested the 
effect o f right hand posture on orientation-related activ ity  for tha t hand. Hence, we 
took the peak coordinates o f regions specifically involved in simulating m ovements 
o f the right hand towards a lateral orientation (i.e. "right hand> left hand; lateral
> medial"; Table 4), drew spheres (w ith a 10 mm radius) around these coordinates and 
looked into these volumes o f interest (VOI) for increases in cerebral activ ity  as a 
function  o f right hand body posture. We also expanded this search to the w hole 
brain.
E ffe c t iv e  c o n n e c t iv i ty  a n a ly s is
After having identified regions in the right occipito-parietal cortex that were 
specifically involved in mental rotation o f right hands (GLM-1), and m oreover in mental 
rotation o f right hands towards a biomechanically d ifficult orientation (GLM-2), we 
hypothesized a change in connectiv ity between those regions and the parieto- 
prem otor network. More specifically, we hypothesized an increased connectiv ity 
between these regions (right V6 and EBA) and the le ft or right PPC /  PMd (de Lange et 
al., 2006) during mental rotation o f right hands towards a lateral (as compared to a 
medial) orientation.
For connectiv ity analysis, we employed the psychophysiological interaction (PPI) 
m ethod described by (Friston et al., 1997). A PPI analysis makes inferences about 
regionally specific responses caused by the interaction between the psychological 
factor and the physiological activ ity in a specified index area. The analysis was 
constructed to test for differences in the regression slope o f the activ ity  in all remaining 
brain areas on the activ ity in the index area (e.g. right V6 or EBA), depending on the 
orientation o f the right hand stimulus ( l a t e r a l  or m e d i a l ) . C onnectiv ity analyses used 
right area V6 and the right EBA as index areas, because these areas showed increased 
activ ity  during mental rotation o f right hand stimuli towards a lateral (as compared to 
a medial) orientation (Table 4). The index area was defined by the first eigentime 
series o f all voxels w ith in  a 6 mm radius sphere centered on the regional maxima in 
the right V6 and EBA that showed a relative increase in BOLD signal during mental 
rotation o f right hands stim uli towards a lateral orientation (RH-lateral > baseline; 
p<0.05 uncorrected). In tw o  patients no significant voxels in area V6 were found for 
tha t contrast, so the ir data could not be included in the analysis. First, separately for 
V6 and for EBA, a PPI analysis for each subject was performed at the first level. Then,
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individual PPI contrast images were entered into a two-sam ple t-test at the second 
level (random effects analysis). Based on our a priori hypothesis, we considered only 
those voxels in our four regions o f interest. The SVC procedure included all voxels 
w ith in  a 10 mm radius sphere centered on the maxima o f those regions. The statistical 
inference (p < 0.05) was performed at the voxel-level, using fam ily-w ise-error 
correction for m ultip le comparisons over the search volum e (i.e. the VOI).
A n a to m ic a l in fe re n c e
Anatomical details o f significant signal changes were obtained by superimposing the 
SPMs on the structural images o f each subject. The atlas o f (Duvernoy et al., 1991) was 
used to identify relevant anatomical landmarks. The Anatomy Toolbox (Eickhoff et al.,
2005) was used for regions where cytoarchitectonic maps were available.
Results
P a tie n ts
All patients had markedly lateralized symptoms: UPDRS-left: 4.6 ± 2.8; UPDRS-right:
13.5 ± 5.9; t = 9.73; p < 0.001 in a paired-samples t-test.
B e h a v io u ra l re s u lts  (m a in  e x p e r im e n t )
General performance: Patients performed the task accurately, w ith  mean error rates 
and reaction times that were comparable across hands (error rates: le ft hand, 7 ± 1%; 
right hand, 8 ±1%; reaction times: le ft hand, 1549 ± 102 ms.; right hand, 1527 ± 97 ms.; 
mean ± SEM). Importantly, patients responded equally fast w ith  their le ft and right 
fo o t on a simple stimulus-response task (left foot, 804 ± 50 ms.; right foot, 818 ± 59 ms; 
mean ± SEM; no significant differences in a paired-samples t-test: t = 0.40, p=0.69). 
Reaction times:The  reaction times changed as a function  o f the rotation o f the hand 
drawing (main effect o f ROTATION: F(7,126)=32.12; p<0.001). This was the case for each 
hand (left hand, ROTATION: F(7,126)=29.22; p<0.001; right hand, ROTATION: 
F(7,126)=18.05; p<0.001), indicating that patients used mental rotation to solve the task 
fo r both hands. However, the effect o f stimulus rotation on the reaction times differed 
between hands (HAND x ROTATION interaction: F(7,126)=6.91; p<0.001). This interaction 
reflects the influence o f biomechanical constraints on the task: for counter-clockwise 
(CCW) angles, patients were faster fo r right hands, whereas for clockwise (CW) angles 
they were faster for le ft hands (Fig. 2A). We then proceeded to test the effects o f 
factors ORIENTATION (lateral, medial), POSTURE (flexed, extended) and HAND (left, 
right) on the reaction times in a three-way ANOVA. There was a large effect o f stimulus 
orientation for right hands (ORIENTATION: F(1,18)=28.13; p<0.001), but not for left 
hands (ORIENTATION: F(1,18) =2.72; p=0.12) (Fig. 2 B). This gave rise to a HAND x
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ORIENTATION interaction (HAND x ORIENTATION: F(1,18)=6.39; p<0.021), which 
indicates that patients had specific d ifficu lty  in m entally rotating their right hand 
towards a lateral orientation (i.e. away from  the body). When patients had the ir own 
hand in a medial position (i.e., flexed arm posture), they experienced a larger effect of 
biomechanical constraints (i.e. m entally rotating the ir hand towards a lateral, compared 
to  a medial, orientation) than when they had the ir own hand in a neutral position (i.e. 
extended arm posture) (POSTURE x ORIENTATION: F(1,18)=12.63; p=0.002). This effect 
was similar for both hands (no HAND x POSTURE x ORIENTATION interaction; 
F(1,18)=0.43; p=0.52). This indicates tha t patients m entally rotated the ir own hands to 
solve the task (i.e. first-person m otor imagery).
Error rates: The number o f errors increased as a function o f rotation for both left 
and right hands (ROTATION: F(7,126)=12.82; p<0.001). There was no difference in the 
num ber o f errors for the tw o  hands and there was no HAND x ROTATION interaction. 
We also explicitly tested the influence o f factors HAND, ORIENTATION and POSTURE 
on the error rates, and found no significant effects in any o f the factors, or in their 
interactions.
B e h a v io u ra l re s u lts  ( c o n t r o l e x p e r im e n t )
In a behavioural control experim ent we investigated w hether the larger effect of 
stimulus ORIENTATION for right hands than for le ft hands (see above) was d ifferent 
from  controls.
General performance: Parkinson patients made overall more errors (PD: 11 ± 2 %; 
elderly: 4 ± 2; young: 4 ± 1%; GROUP: F(2,34)=5.58; p=0.008) and were slower (PD: 1547 
± 126 ms.; elderly: 1178 ± 123 ms.; young: 1006 ± 76 ms.; GROUP: F(2,34)=7.25; p=0.002) 
than the healthy control groups.
Reaction times: Stimulus ORIENTATION influenced the reaction times such that 
subjects responded slower for pictures in a lateral as compared to a medial orientation 
(ORIENTATION: F(2,34)=55.30; p<0.001). However, this effect was modulated by factors 
HAND and GROUP (ORIENTATION x HAND x GROUP interaction: F(2,34)=3.61; p=0.038). 
More specifically, for left hands the effect o f stimulus ORIENTATION was equal between 
groups (ORIENTATION x GROUP: F(2,34)=0.14; p=0.87), but for right hands this effect 
was larger for PD patients than for controls (ORIENTATION x GROUP: F(2,34)=8.50; 
p=0.001; post-hoc Tukey test: PD vs. elderly, p=0.042; PD vs. young: p=0.001; young vs. 
elderly: p=0.48). In PD patients, this effect o f stimulus ORIENTATION was larger for 
right hands than for le ft hands (ORIENTATION x HAND: F(1,11)=6.95; p=0.023), but this 
asym m etry was lacking in both elderly (ORIENTATION x HAND: F(1,9)=0.27; p=0.62) 
and young (ORIENTATION x HAND: F(1,14)=0.058; p=0.81) controls. Hence, we show 
tha t PD patients were specifically impaired in m entally moving the ir affected right 
hand towards a lateral orientation (e.g. away from  the body), whereas this effect was 
not present in young or age-matched controls (Fig. 2C). All three groups were
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significantly faster fo r hand stim uli that matched the ir own hand posture than for 
stim uli that did not match the ir own hand posture (POSTURE: F(2,34)=28.38; p<0.001; 
no interactions w ith  GROUP or HAND). This fu rthe r emphasizes that all three groups 
m entally rotated both o f the ir own hands to solve the task, strongly suggesting that 
they were engaged in first-person m otor imagery.
Im a g in g  d a ta  -  r o ta t io n  re la te d  e f fe c ts
We searched for regions where activ ity increased w ith  increasing stimulus rotation, 
fo r each hand separately (Table 2, Fig. 3). A conjunction analysis o f these tw o  contrasts 
(Nichols et al., 2005) revealed regions that were involved in mental rotation o f both 
hands. We found a bilateral parieto-prem otor network, confirm ing its involvem ent in 
mental rotation o f hands (de Lange et al., 2006;Johnson et al., 2002). We then tested 
fo r differential rotation-related changes in cerebral activ ity between right and left 
hands (HAND x ROTATION interaction). Three areas in the le ft and right occipital 
cortex were found to  be specifically involved in mental rotation o f right hands 
(Table 2, Fig. 4). First, we found activ ity  in the right occipito-tem poral cortex. This 
region was spatially distinct from  area hV5/MT+ [only 0.7% o f the cluster was located 
w ith in  that region; (Eickhoff et al., 2005)], but close (< 8 mm) to the extrastriate body 
area [EBA, (Downing et al., 2001)]. Second, we found activ ity  in the right superior 
occipital gyrus. This region was spatially distinct from  Brodman area 17 (V1) and 18 
(V2) [only 1.7% and 0.4% o f the cluster was located in those regions, respectively 
(Eickhoff et al., 2005)], but close (< 8 mm) to area V3A and V6 (Pitzalis et al., 2006). 
Third, we found activ ity in the le ft middle occipital gyrus, partially overlapping w ith  
BA 17 and 18 [30.9% and 19.5% o f the cluster was located in these areas, respectively 
(Eickhoff et al., 2005)]. These three regions were specifically involved in mental rotation 
o f the right hand. We then tested for rotation-related activ ity  specific for mental 
rotation o f le ft hands (HAND x ROTATION interaction) and found activ ity in the bilateral 
inferior occipital cortex (right lingual gyrus and left calcarine gyrus). This cluster partly 
overlapped w ith  BA 17 (V1; 15.1% o f the cluster in le ft BA 17, 9.5% in the right BA 17) 
and BA 18 (V2; 21.6% in right BA 18) (Eickhoff et al., 2005). There was no differential 
effect for e ither hand in the bilateral PPC or PMd. Thus, although behavioural 
performance indicated a similar strategy for both hands (i.e. mental rotation) and 
demonstrated an equal am ount o f errors, patients relied on partly d ifferent networks 
during mental rotation o f le ft and right hands.
Im a g in g  d a ta  - o r ie n t a t io n  re la te d  e f fe c ts
Following the behavioural result o f larger biomechanical constraints (e.g. longer RTs 
fo r lateral than for medial angles) for right hands than for le ft hands, we searched for 
areas where cerebral activ ity fo llow ed the same pattern. Specifically, we looked for 
regions tha t showed a HAND ( l e f t , r ig h t ) x ORIENTATION ( l a t e r a l , m e d i a l )  interaction.
MNI stereotactic coordinates o f the local maxima o f regions showing activ ity that increased as a function o f stimulus rotation fo llow ing presentation 
o f left hands, right hands, and across the tw o  hands (conjunction analysis). For large clusters spanning several anatomical regions (e.g., the 
intraparietal clusters for the right hand), more than one local maximum is given. Cluster size is given in number o f voxels. Statistical inference 
(p<0.05) was performed at the cluster level, correcting for m ultip le comparisons over the search volum e (i.e., the whole brain). The intensity 
threshold necessary to  determ ine the cluster-level threshold was set at p<0.01, fam ily-wise-error (FWE) corrected. PMd: dorsal prem otor cortex; 
SMA: supplementary m otor area; PPC: posterior parietal cortex; \/2: visual area 2; \/6: visual area 6. See also Fig. 3.
Table 2 Cerebral activity -  Rotation-related activity as a function of HAND
Anatomical Region Functional
Region
Hemisphere Cluster size P-value MNI coordinates T-value
X y z
Left hand, rotation-related effect
Dorsal intraparietal sulcus PPC L 1547 <0.001 -24 -64 60 22.92
R 401 <0.001 18 -70 48 16.65
Superior precentral sulcus PMd L 321 <0.001 -22 0 58 20.49
R 239 <0.001 28 -4 52 19.1
Middle & inferior frontal gyrus 
(BA's 44 & 45)
Broca's area L 290 <0.001 -46 22 32 13.01
Superior frontal gyrus SMA L&R 757 <0.001 -2 16 50 16.15
6 14 48 14.18
Middle occipital gyrus (BA 18) \/2 R 150 <0.001 30 -94 16 14.45
Inferior occipital gyrus L 480 <0.001 -46 -70 -10 14.01
Insular cortex Insula L 133 <0.001 -40 18 -6 12.47
Right hand, rotation-related effect
Dorsal intraparietal sulcus PPC L 2315 <0.001 -24 -64 60 19.15
Superior occipital gyrus \/6 -26 -74 32 15.08
R 1520 <0.001 18 -70 48 19.04
30 -80 38 18.12
Superior precentral sulcus PMd L 148 <0.001 -22 0 58 15.84
R 94 <0.001 28 -4 52 14.97
Middle & inferior frontal gyrus 
(BA's 44 & 45)
Broca's area L 333 <0.001 -46 24 32 13.03
Middle frontal gyrus L 80 <0.001 -38 54 8 12.72
Insular cortex Insula L 255 <0.001 -34 28 -4 12.22
R 97 <0.001 36 20 0 11.81
Superior frontal gyrus SMA L&R 102 <0.001 -8 20 44 9.11
12 16 50 11.67
Left and Right hand, rotation-related effect
Dorsal intra parietal sulcus PPC L 1036 <0.001 -24 -64 60 19.15
R 358 <0.001 18 -70 48 16.45
Superior precentral sulcus PMd L 145 <0.001 -22 0 58 15.84
R 92 <0.001 28 -4 52 14.97
Middle & inferior frontal gyrus 
(BA's 44 & 45)
Broca's area L 194 <0.001 -46 22 32 12.67
Superior frontal gyrus SMA L&R 99 <0.001 -8 20 44 9.11
2 18 46 10.51
Insular cortex Insula L 117 <0.001 -40 18 -6 11.92
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F ig u re  2  B e h a v io u ra l p e rfo rm a n c e
Main experiment. A) Reaction times (mean ± SEM) as a function o f hand (left or right hand) 
and stimulus rotation (-135° to  180° in 8 steps o f 45°). Reaction times increased as a function 
o f stimulus rotation for both hands. Patients were faster for right hands (RH) when the 
stimulus was presented in a counter-clockwise orientation and for left hands (LH) when the 
stimulus was presented in a clockwise orientation. B) Reaction times (mean ± SEM) as a 
function o f stimulus laterality (left or right hand) and stimulus orientation (medial or lateral 
w ith respect to the body axis; see Fig. 1). For each hand, the reaction time differences 
between lateral and medial orientations reflects differences in the biomechanical
Cerebral compensation during motor imagery in PD | 183
constraints associated w ith actual lateral and medial hand movements. The rig ht-late ral- 
ized PD patients revealed stronger effects o f biomechanical constraints following 
presentation o f right hands than left hands.
Control experiment. C) Reaction times (mean ± SEM) as a function o f stimulus laterality (left 
or right hand) and stimulus orientation (medial or lateral w ith respect to  the body axis) for 
12 PD patients, 10 age- and sex-matched controls, and 15 young controls. It can be seen 
that the asymmetric effect o f biomechanical constraints on motor imagery is specific to 
the group o f PD patients (* indicates significantly larger biomechanical constraints for the 
right hand in the PD patients as compared to the healthy controls).
This revealed three significant clusters (Table 4; Fig.5). The first was centred on the 
right middle occipital gyrus (EBA). Only a fraction o f this cluster (2.9%) overlapped 
w ith  the human m otion area MT/V5, which lies more superior and anterior (Eickhoff et 
al., 2005). The second cluster was located in the right superior occipital gyrus, 
extending into the dorsal intraparietal sulcus (V3A, V6, PPC). Last, we found a cluster 
in the le ft inferior occipital cortex, centred on the calcarine gyrus. Large parts o f this 
cluster overlapped w ith  BA 17 (25.1%) and BA 18 (25.7%). In these three regions, activity 
was larger for right (but not left) hand stimuli in a lateral (but not a medial) orientation. 
Hence, activ ity  in these regions was specifically associated w ith  biomechanical 
constraints o f the right hand. The simple main effect o f right hand stim uli in a lateral 
compared to a medial orientation revealed approximately the same regions as found 
in the interaction, w ith  the addition o f the le ft PMd (Table 4).
Next, we looked for regions where ORIENTATION- related activ ity  (i.e. ( l a t e r a l  >  
m e d i a l ) was present for le ft hands but not fo r right hands (i.e. HAND ( l e f t , r ig h t ) x 
ORIENTATION ( l a t e r a l , m e d i a l ) interaction). We found significant activ ity  in the right 
calcarine gyrus, m ainly located in BA 17 (56.3 % o f the cluster was located in that 
region) and BA 18 (36.4 % o f the cluster was located in that region). The simple main 
effect o f le ft hand stim uli in a lateral compared to a medial orientation revealed the 
same activ ity as found in the interaction (Table 4).
Last, we found no significant cerebral activ ity  that was specifically related to 
mental rotation o f le ft or right hands in a medial orientation.
MNI stereotactic coordinates o f the local maxima o f regions showing activ ity that increased as a function o f stimulus rotation, w ith  stronger 
increases fo llow ing presentation o f right hands than left hands, and vice versa. Cluster size is given in number o f voxels. Statistical inference 
(p<0.05) was performed at the cluster level, correcting for m ultip le comparisons over the search volum e (i.e., the whole brain). The intensity 
threshold necessary to  determine the cluster-level threshold was set at p<0.01 uncorrected. EBA: extrastriate body area; V2: visual area 2; \/6: visual 
area 6; *: borderline significance. See also Fig. 4.
Table 3 Cerebral activity -  Betw een-hands differences in rotation-related effects
Anatomical Region Functional
Region
Hemi-sphere Cluster size P-value MNI coordinates T-value
X y z
Right hand > Left hand, rotation-related effect
Middle occipital gyrus 
(BA's 17 & 18) VI
L 868 <0.001 -14 102 0 5.98
\/2 -18 -102 6 5.71
Middle temporal gyrus/ EBA R 526 0.008 46 -78 6 4.63
Middle occipital gyrus 42 -64 14 4.37
Superior occipital gyrus R 372 0.055* 28 -80 40 4.55
\/6 18 -84 40 3.45
V3A 18 -86 18 3.09
Left hand > Right hand, rotation-related effect
Lingual gyrus (BA 18)/ \/2 R 1166 <0.001 14 -86 -16 6.01
Calcarine gyrus (BA 17) VI L -2 -82 -10 3.79
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F ig u re  3 C e reb ra l a c t iv ity  re la te d  to  p e rfo rm a n c e  o f  th e  m o to r  im a g e ry  task 
-  R o ta tio n -re la te d  e ffe c ts
A, C) Spatial distribution o f cerebral activity that increased as a function o f stimulus rotation 
following presentation o f left and right hands, respectively. In B), common rotation-related 
activity across left and right hands [conjunction analysis; (Nichols et al., 2005)]. The images 
show the relevant SPM t-contrast (in orange, p<0.01 family-wise error corrected over the 
whole brain, random effect analysis) superimposed on a rendered brain surface. D, E) 
Cerebral responses over the left and right posterior parietal cortex (PPC), respectively 
(numbers in square brackets indicate MNI stereotactic coordinates for the local maxima). 
The histograms show parameter estimates (in SEM units) for the overall effect o f stimulus 
presentation ("main effect”) and for the effect evoked by varying the rotation o f the hand 
drawing ("parametric effect”), separately for trials in which left or right hands were shown 
(LH, RH, respectively). The main effect describes the relationship between BOLD response 
and stimulus presentation. The parametric effect describes the relationship between BOLD 
response and stimulus rotation. In these regions, these effects were comparable across the 
tw o hands. The left side in the figure represents the left side o f the brain (neurological 
convention). See also Table 2.
MNI stereotactic coordinates o f the local maxima o f regions showing activ ity tha t increased as a function o f biomechanical constraints (stimuli in 
a lateral orientation evoked stronger responses than stimuli in a medial orientation), w ith  stronger increases fo llow ing presentation o f right hands 
than left hands, or vice versa. There were no significant effects when stimuli in a medial orientation were compared to  stimuli in a lateral orientation. 
Statistical inference (p<0.05) was performed at the cluster-level, correcting for m ultip le comparisons (i.e. either the whole brain or specific volumes 
o f interests -  marked by &, see Methods). The intensity threshold necessary to  determ ine the cluster-level threshold was set at p<0.01 uncorrected. 
EBA: extrastriate body area; \/6: visual area 6. See also Fig. 5.
Table 4 Cerebral activity -  Betw een-hands differences in responses related to biom echanical constraints
Anatomical
Region
Functional
Region
Hemisphere Cluster size P-value MNI coordinates 
(x, y, z)
T-value
Right hand, lateral > medial orientation
Calcarine gyrus (BA 1 7 /BA 18) V I, V2 L 805 0.004 -10 -98 -6 6.92
Middle occipital gyrus/ EBA R 1686 <0.001 50 -78 -2 5.05
Superior occipital gyrus V6 24 -84 36 3.95
Dorsal intra parietal sulcus PPC R 293 0.003'- 20 -64 56 3.8
Superior precentral sulcus PMd L 182 0.01 I s -24 0 3.79
Right hand > Left hand, lateral > medial orientation
Calcarine gyrus (BA 1 7 /BA 18) V I, V2 L 1304 <0.001 -12 -100 -2 8.53
Middle occipital gyrus EBA R 505 0.049 52 -76 -6 5.81
Superior occipital gyrus V6 R 669 0.012 24 -84 36 3.77
Dorsal intra parietal sulcus PPC R 138 0.020& 22 -60 58 3.42
Left hand, lateral > medial orientation
Calcarine gyrus (BA 1 7 /BA 18) V I, V2 R 646 0.014 14 -94 4 6.05
Left hand > Right hand, lateral > medial orientation
Calcarine gyrus (BA 1 7 /BA 18) V I, V2 R 941 0.001 14 -92 0 7.3
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F ig u re  4  C e reb ra l a c t iv ity  re la te d  to  p e rfo rm a n c e  o f  th e  m o to r  im a g e ry  task 
-  B e tw e e n -h a n d s  d iffe re n c e s  in ro ta t io n - re la te d  e ffe c ts
A) Spatial d istribution o f cerebral activity that increased as a function o f stimulus rotation, 
w ith stronger increases fo llow ing presentation o f right hands than left hands. The image 
shows the relevant SPM t-contrast (in orange, p<0.01 uncorrected, random effect analysis) 
superimposed on a coronal section o f a skull-stripped structural T1 image (Eickhoff et al., 
2005). B, C) Cerebral responses related to stimulus rotation over the right occipito-parietal 
cortex (OPC) and extrastriate body area (EBA), respectively. In these regions, the rotation- 
related effects were larger for right hands than for left hands. Other conventions as in 
Fig. 3. See also Table 3.
Im a g in g  d a ta  - p o s tu r e  re la te d  e f fe c ts
Here, we aimed to better characterize the respective roles o f EBA and occipito-parietal 
cortex in mental rotation o f the affected hand towards a lateral orientation. To do so, 
we post-hoc investigated how these regions responded to the effect o f biomechanical 
constraints when the affected right arm was either extended (i.e. in a neutral position 
between medial or lateral orientations) or flexed (i.e. in a medial position, thereby 
possibly fu rthe r complicating simulated movements towards a lateral orientation). We 
found that the bilateral occipito-parietal cortex (i.e. V3A, V6, extending into the PPC) 
was specifically related to biomechanical constraints when the affected arm was 
flexed (Table 5, Fig. 6). Conversely, the right EBA responded to biomechanical 
constraints both when the right arm was flexed and when it was extended (Table 5, 
Fig. 6).
MNI stereotactic coordinates o f the local maxima o f regions showing activ ity that increased as a function o f biomechanical constraints (right-hand 
stimuli in a lateral orientation evoked stronger responses than right-hand stimuli in a medial orientation), while the patients' right hand was either 
in an extended or in a flexed posture, and across the tw o  postures (conjunction analysis, marked by n ). These effects were searched w ith in  regions 
involved in m otor imagery, i.e. showing rotation-related increases in activity fo llow ing presentation o f right hands (masking analysis, see Table 3 
and Fig. 3), and w ith in  regions found to  be modulated by biomechanical constraints o f the right hand (SVC analysis, marked by "a", see Table 4). 
Statistical inference (p<0.05) was performed at the cluster-level, correcting for m ultip le comparisons (i.e. e ither the whole brain or the VOI). The 
intensity threshold necessary to  determ ine the cluster-level threshold was set at p<0.01 uncorrected. EBA: extrastriate body area; V6: visual area 6. 
See also Fig. 6.
Table 5 Cerebral activity -  Differences in activity related to biomechanical constraints as a function of patients' right hand posture
Anatomical Functional Region Hemisphere Cluster size P-value MNI coordinates T-value
X y z
Right hand, extended posture; lateral > medial orientation
Calcarine gyrus 
(BA 17/BA18)
\/1,\/2 L 249 0.005a -10 -98 -6 4.69
Middle occipital gyrus EBA R 232 0.006a 50 -72 2 4.63
Right hand, flexed posture; lateral > medial orientation
Calcarine gyrus 
(BA 17/BA18)
VI, V2 L 267 0.004a -12 -94 -8 5.48
Superior occipital gyrus V6 L 690 0.01 -16 -70 48 3.83
R 231 0.006a 26 -76 36 4.85
Middle occipital gyrus EBA R 80 0.049a 46 -80 -2 3.45
Right hand, extended posture; lateral > medial orientation n  Right hand, flexed posture; lateral > medial orientation
Calcarine gyrus 
(BA 17/BA18)
vi;\/2 L 226 0.006a -10 -98 -6 4.69
Middle occipital gyrus EBA R 80 0.049a 50 -78 -2 3.38
Right hand, flexed > extended posture; lateral > medial orientation
Superior occipital gyrus V6 L 1257 <0.001 -22 -72 34 3.84
R 127 0.023a 26 -76 34 4.19
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F ig u re  5 C e reb ra l a c t iv ity  re la te d  to  p e rfo rm a n c e  o f  th e  m o to r  im a g e ry  task 
-  B e tw e e n -h a n d s  d iffe re n c e s  in  responses  re la te d  to  b io m e c h a n ic a l 
c o n s tra in ts
A) Spatial d istribution o f cerebral activity that increased as a function o f biomechanical 
constraints (stimuli in a lateral orientation evoked stronger responses than stimuli in a 
medial orientation), w ith stronger increases fo llow ing presentation o f right hands than 
left hands. B, C) Cerebral responses related to biomechanical constraints over the right 
occipito-parietal cortex (OPC) and extrastriate body area (EBA), respectively. In these 
regions, the effects o f biomechanical constraints were larger for right hands than for left 
hands. Other conventions as in Fig. 4. See also Table 4.
Im a g in g  d a ta  -  e f fe c t iv e  c o n n e c t iv i ty
From the contrasts m entioned above, it appeared tha t the right EBA and occipito­
parietal cortex (including area V6) were specifically involved in mental rotation of 
right hands (as compared to left hands), and that these same regions were more 
strongly activated when the right hand needed to be m entally rotated towards a 
biomechanically d ifficult (e.g. lateral as compared to medial) orientation. If these 
regions contributed to m otor imagery, then the ir activ ity  should influence the
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F ig u re  6  C erebra l a c t iv ity  re la te d  to  p e rfo rm a n c e  o f  th e  m o to r  im a g e ry  task 
fo l lo w in g  p re s e n ta tio n  o f  r ig h t  h a nds  -  d iffe re n c e s  in  a c t iv ity  
re la te d  to  b io m e c h a n ic a l c o n s tra in ts  as a fu n c t io n  o f  p a t ie n ts ' 
r ig h t  h a n d  p o s tu re
A, C) Spatial d istribution o f cerebral activity that increased as a function o f biomechanical 
constraints, while the patients' right hand was either in an extended or flexed posture. 
Panels A and C show differential and common posture-related effects. B, D) Cerebral 
responses related to  biomechanical constraints over the right occipito-parietal cortex 
(OPC) and extrastriate body area (EBA), respectively. In OPC, the effect o f biomechanical 
constraints was larger when the patients' right hand was flexed; in EBA, this effect was not 
influenced by the patients' own hand posture. Other conventions as in Fig. 4. See also 
Table 5.
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parieto-prem otor netw ork supporting the m otor imagery process (Fig 3). We tested 
this hypothesis w ith  PPI, a tool designed to  assess changes in effective connectiv ity 
between cerebral regions (Friston et al., 1997). Using a SVC around the le ft and right 
PMd and PPC, we found significant activ ity  in the le ft PMd that correlated w ith  activ ity 
in area V6 ([-16 -12 58]; T=4.58; P = 0.038, FWE corrected) and a trend towards activ ity 
in the le ft PMd that correlated w ith  EBA ([-16 -4 58]; T=3.90; P=0.065, FWE corrected) as 
a function o f stimulus orientation. The results indicate that right EBA and V6 increased 
the ir coupling to the le ft PMd when movements away from  the body had to be 
simulated w ith  the affected right hand. No activ ity  was found in the right PMd or in 
the bilateral PPC. This finding suggests that visual in form ation strongly influences the 
m otor system during m otor imagery o f the affected hand.
Discussion
In this study, we investigated w hether m otor imagery o f the most and least affected 
hand relies on d ifferent functional networks in early, markedly asymmetrical PD 
patients. The experimental design allowed us to m on itor imagery performance, 
showing tha t the patients performed the task proficiently. Furthermore, using m otor 
imagery ensured that differences in cerebral responses between the most and least 
affected hand were not due to differences in m otor ou tp u t or sensory feedback. We 
found that for both hands, patients made an equal am ount o f errors and used the 
same strategy to solve the task. M otor imagery o f the most affected hand was 
associated w ith  increased activ ity  in the right extrastriate body area (EBA) and occip- 
ito-parietal cortex (OPC). In the fo llow ing  sections, we w ill discuss these findings and 
the ir relevance for understanding compensatory mechanisms in PD.
B e h a v io u ra l p e r fo rm a n c e
Reaction times and error rates increased w ith  increasing stimulus rotation for both 
hands, indicating that the patients used mental rotation to solve the task. This finding 
corresponds to previous studies in healthy controls (de Lange et al., 2006;Parsons, 
1987;Parsons, 1994) and PD patients (Dominey et al., 1995). Crucially, in this study we 
could verify that the orientation o f the stimulus (lateral or medial w ith  respect to the 
body axis) had an effect on the patients' behaviour, over and above mental rotation 
per se. This finding provides evidence that the patients imagined moving their own 
hand to the same position as the hand on the screen. Furthermore, we found that 
these lateralized PD patients, d ifferently from  a control group, had a specific d ifficulty 
w ith  simulating movements away from  the body and involving the affected hand. 
This im pairm ent can be related to similar deficits observed during m otor execution in 
PD patients. For instance, PD patients have greater deficits during isometric
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contractions and rapid single-joint elbow movements involving extensor muscles 
than flexor muscles (Robichaud et al., 2004). These deficits have been related to  a 
decreased tonic activation o f extensor muscles (Corcos et al., 1996). Our results suggest 
tha t this im pairm ent is also present at a central level, confirm ing and extending 
previous findings on a specific deficit o f PD patients in planning  movements away 
from  the body (Flash et al., 1992).
C e re b ra l a c t iv i t y
Patients performed the hand laterality judgem ent task by using the same cerebral 
structures previously shown to support imagery o f hand movements in healthy 
controls, namely portions o f the posterior parietal and dorsal prem otor cortex (de 
Lange et al., 2006;Johnson et al., 2002;Parsons et al., 1995). These findings suggest that 
the patients used this parieto-prem otor netw ork during mental rotation o f either 
hand. In addition to these comm on parieto-prem otor responses, mental rotation of 
the affected (right) hand was associated w ith  larger rotation-related activ ity  in the 
right extrastriate body area (EBA), the right OPC and the le ft primary visual cortex (V1). 
Conversely, mental rotation o f the unaffected (left) hand evoked larger rotation-re lat­
ed activ ity  in the right V1. Given that V1 activ ity  was systematically contralateral to the 
laterality o f the hand on display, this cerebral activ ity  was likely driven by marginal 
differences in visual features between the tw o  sets o f stimuli. In contrast, the 
differential rotation-related effect in the right EBA and OPC, being evoked only by 
stim uli involving the most affected hand and localized to  areas involved in higher-order 
visual processing, is unlikely to  be driven by stimulus-related differences. In addition, 
EBA and OPC were specifically involved in simulating movements o f the affected 
hand towards biomechanically d ifficu lt (i.e. lateral) orientations. Moreover, the 
patients' own right hand posture influenced OPC, but not EBA activity. These findings 
fu rthe r characterize the role o f these tw o  regions, as outlined below.
E x t ra s t r ia te  b o d y  a re a  (EBA)
EBA has been linked to visual processing o f human body parts (Downing et al., 2001), 
w ith  a degree o f right-hemisphere lateralization and imagery-related responses 
(Downing et al., 2001;Saxe et al., 2006;Astafiev et al., 2004). It has been suggested that 
EBA may have a role in action planning and execution, even in the absence o f vision 
o f subjects' own hands (Astafiev et al., 2004). The increased EBA responses observed 
in this study m ight have been driven by an increased reliance on third-person m otor 
imagery when dealing w ith  biomechanically complex movements, supporting the 
suggestion tha t this region is m ainly interested in processing body parts in an 
allocentric perspective(Saxe et al., 2006). However, this suggestion is controversial 
(Astafiev et al., 2004), and this interpretation implies that the patients performed an 
unlikely trial-by-trial switch from  first- to third-person m otor imagery. Rather, the
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enhanced EBA activity during biomechanically complex imagined movements of the 
affected hand may reflect the increased reliance of PD patients on a visually-based 
body schema for the generation of the motor plan. More precisely, EBA activity could 
be driven by the difficulty of relating an egocentrically processed lateral hand stimulus 
to a body schema that is not updated by proprioceptive information, as indicated by 
the finding that the current hand position of the patient had no effect on EBA activity. 
This interpretation fits with the finding that, during pointing movements, PD patients 
profit more from visual information regarding their own hand than healthy controls 
(Adamovich et al., 2001 ;Keijsers et al., 2005), possibly to compensate for proprioceptive 
impairments (Maschke et al., 2003).
O cc ip ito-p arie ta l co rtex  (O PC )
Besides EBA, right OPC (roughly corresponding to areas V3A and V6;(Pitzalis et al., 
2006)) was involved in simulating movements with the most affected hand towards 
biomechanically difficult orientations (Fig. 5). In contrast to EBA, OPC activity was 
specifically enhanced when the patients had their right hand in a medial (flexed arm) 
position (Fig. 6). This suggests that OPC has a role in matching the hand stimulus with 
the actual hand position. The OPC activity can be related to areas V3A and V6 in the 
dorsal visual stream, which have a role in directing visual information to the parieto- 
premotor network during reaching or grasping movements (Galletti et al., 2003). This 
further supports the notion that enhanced visual processing during motor planning 
of the affected hand is an important phenomenon in Parkinson patients. Clinically, 
enhanced OPC activity might reflect the observation of improved motor functions 
when PD patients take advantage of visual cues (Bloem et al., 2004). It remains to be 
seen whether this reliance on visual information, mediated by EBA and portions of the 
OPC, is an early compensatory mechanism that decays as the disease progresses 
(Keijsers et al., 2005), and whether an increased reliance on EBA and occipito-parietal 
responses is a source of delayed m ovem ent initiation in PD patients.
C ereb ra l c o n n e c t iv ity  and  co m p ensa tio n
W hen dealing with biomechanically complex imagined movements of the affected 
hand, the patients we tested were slower, but did not make more errors. It is possible 
that an increased reliance on EBA and occipito-parietal activity allowed these patients 
to solve the task w ithout impairments, but ultimately a motor plan needs to be 
generated in premotor cortex during performance of the motor imagery task. 
Furthermore, it might also be argued that the EBA and occipito-parietal responses 
constitute collateral activities w ithout relevance for task performance. Therefore, we 
tested for a compensatory role of these occipital regions by assessing whether there 
was (for the affected right hand) an orientation-specific relationship between their 
responses and the core parieto-premotor network known to be involved in the hand
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laterality judgem ent task (de Lange et al., 2005;Johnson et al., 2002). W e found that, for 
the affected hand, EBA and OPC increased their coupling to the left PMd when 
movements directed away from the body had to be made. The inter-hemispheric 
coupling between right hemisphere visual areas and a left premotor region is likely a 
consequence of different hemispheric specializations in occipital and frontal areas. 
Namely, previous studies have reported a partial right-hemisphere functional 
lateralization of EBA (Downing et al., 2001;Saxe et al., 2006;Astafiev et al., 2004), and it 
is known that left PMd (in right-handed subjects) plays a dominant role in motor 
planning (and motor imagery) (Haaland et al., 2004;Hlustik et al., 2002;de Lange et al.,
2006). The increased functional couplings between right EBA/OPC and left PMd 
during the simulation of biomechanically complex movements of the affected hand 
point to a compensatory role of these regions in PD. The emphasis here is on 
compensatory activity arising from enhanced inter-regional interactions, and these 
findings com plem ent previous reports on the relevance of PMd for compensating 
medial premotor dysfunction during motor execution in symptomatic PD patients 
(Samuel et al., 1997;Haslinger et al., 2001) and presymptomatic PD subjects (Buhmann 
et al., 2005).
In te rp re ta tio n a l issues
In this study we mainly performed within-patient comparisons. The lack of fMRI data 
from a control group limits our findings. However, there are reasons to believe that 
the cerebral findings are specific for PD patients. First, control subjects showed no 
between-hands asymmetry in imagined movements towards or away from the body 
(Fig. 2), supporting the specificity of the within-patients/between-hand fMRI analysis. 
Second, previous studies that investigated motor imagery in healthy controls 
have not reported differences between left and right hands in EBA or OPC, but 
found similar responses in the parieto-premotor network (de Lange et al., 2006;Kuhtz- 
Buschbeck et al., 2003).
Our findings suggest a compensatory role of EBA/OPC by means of increased 
coupling of each of these regions with the left PMd. However, the compensatory role 
of this circuit would need to be demonstrated by means of functional interferences, 
for instance with transcranial magnetic stimulation, showing that inhibition of these 
regions leads to visible impairments in performance.
Conclusion
We have compared the cerebral networks underlying motor imagery of the most and 
least affected hand in lateralized PD patients. Comparable behavioural performance 
of the most and least affected hand was supported by different cerebral networks.
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Simulating movements of the most affected hand revealed enhanced activity in the 
right EBA and occipito-parietal cortex, and enhanced couplings of these regions with 
the left PMd, in agreement with the notion that additional visual information 
processing is an important compensatory mechanism in PD.
A second relevant finding is that these patients had particular difficulties when 
the simulated m ovem ent involved the most affected hand and it was directed away 
from the body. Healthy controls did not show this between-hands asymmetry. This 
finding indicates that central factors contribute to the altered movements involving 
extensor muscles observed in PD patients.
It remains to be seen whether changes in cerebral activity and inter-regional couplings 
over the course of the disease can predict the appearance of overt behavioural 
impairments. This knowledge is crucial for developing therapeutical options aimed at 
exploiting these intrinsic compensatory mechanisms, in order to postpone or even 
prevent symptoms in subjects in preclinical stages of PD.
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Increased dependence of 
action selection on recent motor history 
in Parkinson's disease
Abstract
It is well known that the basal ganglia are involved in switching between movement 
sequences. Here we test the hypothesis that this contribution is an instance of a more 
general role of the basal ganglia in selecting actions that deviate from the context 
defined by the recent motor history, even when there is no sequential structure to 
learn or implement. W e investigated the effect of striatal dopamine depletion (in 
Parkinson's disease, PD) on the ability to switch between independent action plans. 
PD patients with markedly lateralized signs performed a hand laterality judgm ent task 
that involved action selection of their most and least affected hand. Trials where 
patients selected the same (repeat) or the alternative (switch) hand as in the previous 
trial were compared, and this was done separately for the most and least affected 
hand. Behaviorally, PD patients showed switch-costs that were specific to the most 
affected hand and that increased with disease severity. Functional imaging (fMRI) 
showed that this behavioral effect was related to the state of the fronto-striatal 
system: as disease severity increased, contributions of the basal ganglia to the 
selection process and their effective connectivity with the medial frontal cortex (MFC) 
decreased, whereas involvement of the MFC increased. We conclude that the basal 
ganglia are important for rapidly switching towards novel motor plans even when 
there is no sequential structure to learn or implement. The enhanced MFC activity 
may result either from reduced focusing abilities of the basal ganglia or from 
compensatory processes.
Published as:
Helmich RC, Aarts E, de Lange FP, Bloem BR, Toni I (2009) Increased dependence of action 
selection on recent motor history in Parkinson's disease. J  Neurosci 29: 6105-6113.

Switching between motor representations in PD | 199
Introduction
The basal ganglia (BG) are important for set-shifting (Cools et al., 1984). For example, 
patients with Parkinson's disease (PD) are impaired when required to switch between 
m ovem ent sequences (Benecke et al., 1987;Hayes et al., 1998;Harrington and Haaland, 
1991). These findings appear to fit with a more general role of the BG in updating 
internal representations (O'reilly, 2006) and in switching towards novel behavior 
(Redgrave and Gurney, 2006). However, given the sequential structure of these 
previous motor tasks, and given the additional role of the BG in assembling 
performance units from sequence elements ("chunking") (Graybiel, 1998), impaired 
switching behavior in PD may result from both deficient chunking and updating. 
Using PD as a model for BG dysfunction, here we test the hypothesis that the BG have 
a general role in selecting actions that differ from the history of previously selected 
movements ("motor history"), even when there is no sequential structure to learn or 
implement (to prevent chunking).
Studies have shown that previously selected movements can influence current 
behavior over several seconds (Behrens et al., 2007;Rosenbaum et al., 2007), and some 
authors have conceptualized movement selection as either maintaining or changing 
a previous motor state (Rosenbaum et al., 2001 ;Polit and Bizzi, 1979). However, studies 
of actual motor performance cannot easily distinguish whether m ovem ent selection 
is influenced by the previous motor plan, or by the sensory consequences of having 
executed that plan. Here we distinguish between these two possibilities by using 
motor imagery as a tool to evoke the internal generation of motor states, w ithout 
explicit expression of those states (Jeannerod, 2006). Motor imagery has been 
extensively used to study action selection, an approach justified by empirical evidence 
showing that motor imagery is sensitive to motor control variables (Gentili et al., 2004) 
and uses neural operations involved in action planning (Cisek and Kalaska, 2004). We 
employed a motor imagery task where subjects are asked to make laterality judgments 
(left or right) of hand pictures (Parsons, 1987), while measuring behavioral performance 
and cerebral activity (using fMRI). Previous studies indicate that this task is sensitive to 
effector-specific biomechanical constraints, both in healthy subjects (de Lange et al., 
2006;Shenton et al., 2004) and in PD patients (Helmich et al., 2007). Crucially, instead 
of randomly selecting their left or right hand on each trial, in this task subjects 
consistently select the same hand as the stimulus on display (de Lange et al., 2008). 
This feature makes it possible to let PD patients internally select motor representa­
tions of either hand on a trial-by-trial basis, while experimentally biasing their choice 
by the laterality of the hand on display. Accordingly, we compared the behavioral and 
cerebral correlates of selecting (imagined) movements involving the same (repeat) or 
the alternative (switch) hand with respect to the previous trial, and this was done 
separately for the most and least affected hand. Importantly, within-patient
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comparisons allowed us to control for perceptual discrimination processes and for 
non-lateralized PD-related pathologies (Eidelberg et al., 1995;Kaasinen et al., 2000).
Materials and methods
Su b jec ts
Parkinson patients: Eighteen right-handed idiopathic PD patients (12 men, 53±3 years, 
mean ± SD) participated after having given written informed consent according to 
institutional guidelines of the local ethics committee. Patients were included when 
they had idiopathic PD, diagnosed according to the UK Brain Bank criteria by an 
experienced movement disorders specialist (BRB), all with clearly right-lateralized 
symptoms. Exclusion criteria were: moderate-severe tremor, cognitive dysfunction 
(Mini Mental State Examination < 24 or frontal executive problems), other neurological 
diseases, and general exclusion criteria for MRI scanning. Frontal executive problems 
were assessed clinically using the Frontal Assessment Battery (FAB; (Dubois et al.
2000)) before patients were included in this study. Only patients with no or very mild 
executive impairments were included (FAB > or equal to 16; maximum score is 18 
points). Five patients had never used any anti-Parkinson medication; the others used 
levodopa or dopamine-agonists. The experiments were performed in the morning, at 
least 12 hours after the last dose of dopaminergic medication (Langston et al., 1992). 
Disease severity was assessed using the Hoehn & Yahr stages and the motor section 
of the Unified Parkinson's Disease Rating Scale (UPDRS-III; Table 1). All patients showed 
markedly right lateralized signs (UPDRS-right: 13.4 ± 3.1; UPDRS-left: 4.8 ± 2.9; average 
± SD; t(17) = 12.1; p<0.001). To directly compare the UPDRS scores for the hands and 
the feet, we had to correct for the fact that there are more hand- than foot-specific 
UPDRS items. Thus, the UPDRS-foot score was calculated as the sum of items 20 
(resting tremor), 22 (rigidity) and 26 (bradykinesia). The UPDRS-hands score was 
calculated as the sum of items 20 (resting tremor), 22 (rigidity) and the average of 
items 23-25 (all referring to bradykinesia). Comparison of normalized UPDRS scores 
across EFFECTOR (hand, foot) and LATERALITY (left, right) revealed greater disease 
severity for the hands than for the feet (UPDRS-hands: 6.4 ± 0.5; UPDRS-feet: 4.9 ± 0.5; 
main effect of EFFECTOR: F(1,17) = 7.2, p=0.016), greater disease severity for the left 
than for the right side (UPDRS-right: 8.4 ± 0.4 UPDRS-left: 3.0 ± 0.4; main effect of 
LATERALITY: F(1,17) = 174.2, p<0.001) and a greater asym metry for the hands than for 
the feet (EFFECTOR x LATERALITY interaction: F(1,17) = 5.8, p=0.028).
Healthy subjects: Ten healthy, right-handed control subjects participated in Exp. 2. The 
distributions of age (PD: 53±3 years, controls: 57±6 years; t(26)=-1.1, p=0.38, independent- 
samples t-test) and gender (PD: 12 men and 6 women; controls: 6 men and 4 women; 
t(26)=-0.34, p=0.74, independent-samples t-test) were similar across the two groups.
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T ab le  1 Clinical characteristics (Exp. 1 & 2)
Eighteen patients with idiopathic Parkinson's disease were tested in a practically-defined 
off-state (more than 12 hours after having taken their last medication; (Langston et al., 
1992). All patients were consistent right-handers. Patients had markedly asymmetric 
symptoms lateralized to the right side of their body, and more symptoms in their hands 
than in their feet. Different patients participated in different experiments (see second 
column). Patients 8-18 were retested approximately 1 year later when participating in 
Exp. 3 (for clinical scores, see Suppl. Table 1). UPDRS: Unified Parkinson's Disease Rating 
Scale (highest possible UPDRS-III score is 108 points); H&Y: Hoehn and Yahr rating scale 
(highest stage is 5). The highest possible UPDRS score for each side is 36 points: 24 points 
for the hand and 12 points for the foot.
Patient Exp. Gender Age UPDRS part III (motor section) H & Y
Right
hand
Left
hand
Right Left other 
foot foot
total
1 2 2 55 11 7 5 3 6 32 2
2 1 1 39 13 3 4 0 6 26 2
3 1 1 48 15 3 3 1 16 38 2.5
4 1 51 8 5 4 2 8 27 2
5 1 1 48 10 3 5 0 14 32 3
6 1 1 53 8 1 2 1 7 19 2
7 1 1 50 8 1 3 1 7 20 1.5
8 1-3 59 11 5 4 1 7 28 2
9 1-3 1 68 12 5 3 3 7 30 2
10 1-3 1 65 5 2 3 1 3 14 2
11 1-3 1 56 10 5 4 2 2 23 2
12 1-3 1 34 10 0 4 0 8 22 1.5
13 1-3 1 50 10 5 4 2 13 34 3
14 1-3 1 53 11 3 4 2 7 27 2
15 1-3 2 67 8 2 6 4 5 25 2
16 1-3 1 65 4 0 2 0 6 12 1.5
17 1, 3 2 43 13 8 3 1 6 31 2
18 1, 3 2 56 10 3 1 1 4 19 2
Mean 12 men 53.3 9.8 3.4 3.6 1.4 7.3 25.5 2.1
SD 9.4 2.7 2.3 1.2 1.1 3.6 7.0 0.4
Ex p e rim en ta l tasks
Experiment 1: Patients were lying supine in an MR scanner, facing the bore of the 
magnet, unable to see their hands, in front of a mirror facing a projection screen (at 
the back of the MR scanner), with their left and right big toes strapped onto separate
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MR compatible response buttons. They were presented with line drawings of left and 
right hands (Fig. 1), and they were asked to report as quickly as possible whether they 
saw a picture of a left or right hand by flexing their left or right big toe, respectively. 
Reaction time was defined as the time between onset of the visual stimulus and key 
press. Each imagery trial started with a fixation cross, displayed for a variable interval, 
followed by the presentation of a hand drawing. W hen a response was provided, the 
stimulus was replaced by the fixation cross until presentation of the next hand 
drawing. The intertrial interval between the offset of one trial (i.e. the response) and 
the onset of the next (i.e. the presentation of the stimulus) varied randomly between
1.5 and 2.5 seconds, creating a random jitter between successive trials. In addition, 
the trials were presented in a pseudo-randomized order, which ensured minimal 
correlations between different event types (i.e., the different conditions). This led to a 
maximum correlation of 19.5% between the task regressors. Furthermore, within the 
framework of the General Linear Model all regressors are implicitly orthogonalized to 
each other, resulting in each regressor only explaining the variance uniquely attributed 
to it (Friston KJ., 2007). There was a reaction time cut-off at 5.0 s. The stimuli subtended 
a visual angle of ~10°.
The left and right hand stimuli were identical mirror images, they could be shown 
rotated from an upright (0°) position from -135 °  to +135° in eight steps of 45°, and 
they could be shown as back or palm views, according to a pseudo-randomized trial 
order (Fig. 1). Hand rotation and hand orientation were not of primary interest for this 
study, but their inclusion in the experimental design was important to ensure that 
subjects used motor imagery to solve the hand laterality judgm ent task, rather than 
alternative processes like spatial mappings between position of a hand feature and 
hand laterality. There were 480 stimuli, presented in 30 imagery blocks of 16 trials, 
with a total measurement time of ~40 minutes. Each imagery block was followed by 
a 10 sec baseline period (fixation cross display). The main effects of stimulus rotation 
and hand laterality on reaction times and cerebral activity have been described in a 
previous paper on the same dataset (Helmich et al., 2007). Here, the focus is on trial 
order effects in the laterality of imagined hand movements: the effect of laterality of 
the hand imagined moving at trial n-1 on imagery performance at trial n (Fig. 1). This 
effect was measured by sorting the hand laterality (left or right) at each trial as a 
function of the hand laterality at the previous trial. W hen trial n-1 had the same hand 
laterality as trial n (e.g., images of left hands were presented at trial n-1 and at trial n), 
then trial n was defined as a r e p e a t  trial. Conversely, when trial n-1 had a different 
laterality as trial n [e.g., an image of a left hand (at trial n-1) was followed by an image 
of a right hand (at trial n)], then trial n was defined as a s w it c h  trial. The first trial of each 
of the 30 blocks, incorrect trials, and trials following incorrect trials were excluded 
from the analysis of the trial order effects.
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F ig u re  1 Task setup (Exp. 1 &  2)
For each trial, subjects had to judge whether a visually presented drawing showed a left or 
right hand. The top panel illustrates two representative stimuli, one for each hand laterality. 
Crucially, for each trial we considered whether the previous stimulus had the same or a different 
laterality than the currently displayed hand drawing. Accordingly, we analyzed the effect of 
factors HAND (2 levels: left or right) and HAND-ORDER (2 levels: repeat or switch) on reaction 
times and cerebral activity. The intertrial interval (ITI) between the offset of one trial (i.e. the 
response) and the onset of the next (i.e. the presentation of the stimulus) randomly varied 
between 1.5 and 2.5 seconds, creating a pseudorandom jitter between successive trials.
Experiment 2: To confirm that the lateralized hand-switch effect found in Exp. 1 
was specific to PD, we performed a control experiment (involving the same motor 
imagery task, see Suppl. Methods) comparing performance of r e p e a t  and s w it c h  trials 
between a group of 10 PD patients (Table 1) and 10 matched, healthy controls.
Experiment 3: To confirm that the lateralized hand-switch effect found in Exp. 1 
was specific to internally generated motor plans, we performed a control experiment 
(involving externally cued hand movements, see Suppl. Methods) in 11 PD patients 
(see Table 1) comparing performance of r e p e a t  and s w it c h  trials between their most
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and least affected hand. In this experiment, patients were asked to make a movement 
with either their left or with their right hand to a target positioned on either the left 
or on the right side of the table. Movements were always congruent (i.e. left hand to 
left target and right hand to right target). Movements were triggered by either a light 
or a sound, and the LED and loudspeaker were positioned directly onto the target 
buttons. Thus, in Exp. 3 there was a direct spatial mapping between the stimulus and 
the required m ovem ent (high stimulus-response compatibility), which effectively 
minimized the load on internal selection processes. Conversely, the low stimulus-re- 
sponse compatibility in Exp. 1 and 2 ensured that patients had to internally select the 
appropriate effector (left or right hand) for subsequent motor imagery. Note that in all 
three experiments the timing (or onset) of the (imagined) actions was always triggered 
by the presentation of a stimulus. This procedure ensured that differences between 
the two sets of experiments were specific to the "what-component" of internal 
selection (Mueller et al., 2007), while minimizing the load on the "when-component" 
of internal selection (Jahanshahi et al., 1998;Jahanshahi et al., 1995).
Im ag e  acq u is it io n  and  p rocessing
Functional images were acquired on a Siemens SONATA 1.5 T MRI system (Siemens, 
Erlangen, Germany) equipped with echo planar imaging (EPI) capabilities, using the 
standard head coil for radio frequency transmission and signal reception. Blood 
oxygenation level dependent (BOLD) sensitive functional images were acquired using 
a single shot gradient EPI sequence [TE/TR = 40/2560 ms; 32 axial slices, voxel size =
3.5 x 3.5 x 3.5 mm; field of view  (FOV) = 224 mm]. High resolution anatomical images 
were acquired using an MP RAGE sequence (TE/TR = 3.39/2250 ms; voxel size = 1.0 x
1.0 x 1.0 mm, 176 sagittal slices; FOV = 256 mm). Functional data were preprocessed 
and analyzed with SPM2 (Statistical Parametric Mapping, www.fil.ion.ucl.ac.uk/spm). 
The same preprocessing procedures described in (Helmich et al., 2007) were used, as 
described in the Suppl. Methods.
S ta tis t ica l M o d e l
Our statistical model on the first (subject specific) level considered the laterality of the 
hand drawing on display (factor HAND, 2 levels: m o s t  a f f e c t e d  or l e a s t  a f f e c t e d ) and the 
order of left and right hand stimuli (factor HAND-ORDER, 2 levels: r e p e a t  or s w it c h  ). We 
also included a factor of no interest describing stimulus-driven switches between the 
back and the palm of the hand (factor ORIENTATION-ORDER, 2 levels: o r i e n t a t i o n - r e p e a t  
or o r i e n t a t i o n - s w it c h ) . W e collapsed over this factor in subsequent random effects 
analyses. Only correct responses were included in these regressors, with trials modeled 
as square-wave functions time-locked to stimulus onset, and durations corresponding 
to the mean reaction time across all imagery trials of the subject. Finally, our model 
included separate regressors of no interest, modeling the trials at the beginning of
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each block, incorrect and missed responses, residual head movement-related effects, 
global signal changes [as indexed by segmented white matter and cerebral spinal 
fluid], and low frequency signal drifts over time (period > 60 sec). Residual head 
m ovem ent effects were modeled by including a Volterra expansion of the 6 rigid 
body motion parameters as nuisance covariates in the design matrix of the GLM (Lund 
et al., 2005). The Volterra expansion consisted of linear, quadratic and cubic effects of 
the 6 movement parameters belonging to each volume and also the first and second 
derivative of each of those regressors [to control for spin history effects], giving rise to 
a total of 54 movement regressors. Parameter estimates for all regressors were 
obtained by maximum-likelihood estimation, modeling temporal autocorrelation as a 
first-order autoregressive model -AR(1)- process.
On the second (random effects) level we performed a within-patient ANOVA with 
factors HAND ( m o s t  a f f e c t e d , l e a s t  a f f e c t e d  ) and HAND-ORDER ( r e p e a t , s w it c h  ), together 
with an additional regressor modeling INCORRECT trials. First we searched for brain 
regions where activity changed as a function of HAND-ORDER ( s w i t c h > r e p e a t  or 
r e p e a t  > s w it c h  ), separately for each hand. Then we investigated whether the activity in 
these regions changed as a function of HAND by performing an inclusive masking 
with the interaction term (i.e. HAND x HAND-ORDER). This revealed brain regions 
where switch-related activity was higher for the most affected hand than for the least 
affected hand. Second, we searched for brain regions showing error-related activity 
(INCORRECT > all CORRECT regressors) and we tested for overlap between switch- 
and error-related brain activity by performing a conjunction analysis (Nichols et al., 
2005) between the previous two contrasts.
We report the results of a random effects analysis, correcting for multiple 
comparisons at the cluster level (p<0.05), based on a voxel level intensity threshold of 
p < 0.001 uncorrected (Friston et al., 1996).
Post-hoc ana lyses
The results of the contrasts described above indicated a double dissociation between 
REGION (CMA vs. ACC) and TASK (switching vs. error processing). To formally test this 
effect, we extracted the beta values of the multiple regression from the local maxima 
within the CMA ([4 -2 44]; Fig. 3 A-C) and the ACC ([2 26 36]; Fig. 3 D-F). Then we 
computed activity related to switching (difference between the beta values for s w it c h  
and r e p e a t  conditions) and to error processing (difference between the beta values for 
n c o r r e c t  and c o r r e c t  conditions) in each region and we performed a repeated measures 
ANOVA with factors REGION (CMA vs. ACC) and TASK (switching vs. error processing) 
on these difference scores. Four post-hoc t-tests were performed to test for switch- 
and error-related activity in the CMA and the ACC.
206 | Chapter 7
Bra in-d isease  re la tio n sh ip
To test for an effect of disease severity on switch-related brain activity, we performed 
a simple regression analysis correlating patient-specific switch-related activity (for the 
most affected hand; contrast images obtained at the first level) voxel-by-voxel with 
lateralized disease severity (for the most affected side, in UPDRS points). W e focused 
our analyses on the medial frontal cortex (volume of interest (VOI) of 4.1 ml., showing 
switch-related activity for the most affected hand in the random effects analysis 
described above), as well as the bilateral BG [globus pallidus and putamen; four VOIs 
taken from the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 
2002)]. In these regions, we corrected for multiple comparisons using the same 
statistical threshold described above.
Similarly, to test for an effect of disease severity on switch-related effective 
connectivity between BG and the CMA, we performed a simple regression analysis 
correlating patient-specific effective connectivity maps (describing larger connectivity 
for switch than repeat trials, specifically for the most affected hand; psycho-physio­
logical interaction analysis, see Suppl. Methods) with lateralized disease severity (for 
the most affected side, in UPDRS points).
This resulted in four significant brain-disease correlations in three regions: the CMA, 
the left GP and the left putamen. To test whether these correlations were specifically 
driven by disease severity of the most affected hand (given that the task involved 
hand and not foot imagery), for each of these three regions we additionally calculated 
the partial correlation between disease severity of the most affected hand (sum of 
UPDRS items 20-25) and switch-related cerebral activity / connectivity (beta values 
taken from each region's local maximum), while controlling for disease severity of the 
most affected foot (sum of UPDRS items 20, 22 and 26). Similarly, for each of these 
three regions we performed the same procedure to assess the unique correlation 
between disease severity of the most affected foot and switch-related cerebral activity / 
connectivity, while controlling for disease severity of the most affected hand.
Results
Ex p e rim en t 1
In this experiment we compared performance of s w it c h  and r e p e a t  trials for the most 
and least affected hand in a within-patient design. W e predicted specific impairments 
for switch trials involving the most affected hand. First, we searched for brain regions 
showing larger switch-related activity for the most affected hand than for the least 
affected hand. Second, we assessed the functional specificity of the switch-related 
responses by distinguishing them from performance monitoring effects (as indexed 
by error-related processing). Third, we investigated how switch-related cerebral
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activity and fronto-striatal effective connectivity changed as a function of disease 
severity.
B e h a v io ra l pe rfo rm an ce
Patients performed the task accurately, with a mean error rate (± SEM) of 7.6 ± 1.6 %. 
They had difficulties switching from the least affected hand to the most affected 
hand, but not vice versa (HAND x HAND-ORDER interaction: F(1,16.4)=6.22; p=0.024; 
main effect of HAND-ORDER for the most affected hand: F(1,16.4)=5.43; p=0.033; no 
main effect of HAND-ORDER for the least affected hand: F(1,16.6)=0.75; p=0.40; Fig. 
2A). In addition, behavioral switch costs were linearly related to disease severity: the 
more impaired the affected side, the larger the behavioral switch cost (r = 0.50; 
p=0.040; Fig. 2B).
F ig u re  2 Behavioral perform ance (Exp. 1)
The bars show the time that patients used to solve the hand-laterality judgment task 
(reaction time, RT, in ms; mean ± SEM). RTs for repeat (blue bars) and switch trials (orange 
bars) are shown separately according to hand laterality (least affected, most affected). 
Panel A shows RTs from 17 PD patients during fMRI scanning. Panel B shows how the size 
of the behavioral switch cost for the most affected hand (on the y-axis, calculated as the 
difference between the averaged log-transformed RT for switch trials and repeat trials) 
increases linearly with disease severity (for the most affected hand, on the x-axis). Each 
dot represents one patient. * and N.S. indicate statistically significant and non-significant 
effects, respectively. UPDRS: Unified Parkinson's disease Rating Scale.
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I. Sw itch-re la ted  bra in  a c t iv ity
We found larger switch-related activity for the most affected hand than for the least 
affected hand (HAND x HAND-ORDER interaction) in one cluster located within the 
medial frontal cortex (MFC; p<0.001 corrected for multiple comparisons; see Fig. 3A-B). 
This cluster covered the cingulate motor area (CMA; local maximum at [4 -2 44]) and 
the pre-SMA (local maximum at [-4 8 52]) (Picard and Strick, 1996). W e ruled out that 
this activity pattern was driven by the longer RTs during switch trials, because it was 
equally present when correcting for trial-by-trial RT differences (local maximum at [4 
-6 42], p=0.006 corrected for multiple comparisons; see Suppl. Fig. 2). There were no 
brain regions that showed significantly larger switch-related cerebral activity for the 
least affected hand and there were no brain regions showing larger activity for repeat 
than switch trials.
II. E rror-re lated  bra in  a c t iv ity
The switch-related activity described above falls in the MFC, anterior parts of which 
have been associated with cognitive control processes (e.g. performance adjustments 
following errors (Ridderinkhof et al., 2004)). To test whether the switch-related activity 
described above simply reflected increased cognitive control, we compared the size 
and the spatial distribution of error- and switch-related brain activity within the same 
dataset. Given that patients did not receive feedback about their performance, the 
error-related activity assessed here relates to internal performance monitoring rather 
than feedback processing (Mars et al., 2005).
In line with previous reports, we found stronger responses during erroneous trials 
than during correct trials in the anterior MFC (p<0.001 corrected; other regions with 
error-related responses are listed in Suppl. Table 1). This MFC cluster spanned both 
pre-SMA (local maximum at [-2 18 50] and anterior cingulate cortex (ACC, local 
maximum at [2 26 36]; see Fig. 3D), but it did not extend into the CMA (Fig. 3C).
These results show a double dissociation in the response profiles of the CMA and 
the ACC to switching and error processing [REGION (CMA vs. ACC) x TASK (switching 
vs. error processing) interaction: F(1,16)=15.27; p=0.001]. That is, the CMA [the posterior 
part of the switch-related cluster within the MFC] responded only during switch trials 
(CMA-switching: t(16)=4.76, p<0.001), but not during error trials (CMA-error processing: 
t(16)=-0.30, p=0.77). In contrast, the ACC (the anterior part of the error-related cluster 
within the MFC) responded only during error trials (ACC-error processing: t(16)=3.67, 
p=0.002), but not switch trials (ACC-switching: t(16)=0.49, p=0.63; Fig. 3).
The pre-SMA was unique in showing both switch- and error-related activity, as 
assessed by means of a conjunction analysis (Nichols et al., 2005) (p=0.037 corrected; 
local maximum at [-4 8 52]; see also Fig. 3G). That is, the pre-SMA responded to both 
switch trials (pre-SMA-switching: t(16)=3.8, p=0.002) and error trials (pre-SMA-error 
processing: t(16) =3.7, p=0.002).
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III. R e la tio n sh ip  b e tw e e n  ce reb ra l e ffe c ts  and  d isease  se ve rity
The positive correlation between lateralized switch cost and lateralized disease 
severity (Fig. 2B) had a cerebral counterpart in the same portion of the MFC showing 
specific switch-related cerebral responses (CMA, r=0.75, p=0.01 corrected, local 
maximum at [4 -2 46], see Fig. 4 A-B). There was no correlation between switch-related 
brain activity and disease severity in the pre-SMA (r=0.11, p=0.65, switch-related 
responses taken from the local maximum at [-4 8 52], see Fig. 3 G-I). This indicates that 
the brain-disease relationship was spatially specific, occurring only in the CMA, but 
not in the pre-SMA (r(pre-SMA) vs. r(CMA): t(14)=4.22; p<0.001, t-test for comparison of 
tw o dependent correlations from the same sample (Chen and Popovich, 2002)).
In contrast, switch-related activity in the most affected GP was negatively 
correlated with lateralized disease severity (left rostro-medial GP, r=-0.74, p=0.04 
corrected, local maximum at [-18 -2 -2]; see Fig. 4 C-D). Taken together, the clinically 
least impaired patients showed the highest switch-related activity in the most 
affected GP, and little if any switch-related activity in the CMA. Conversely, the most 
affected patients showed no (or negative) switch-related activity in the GP, and robust 
switch-related activity in the CMA. These findings indicate that the contribution of 
these regions to switching was inversely related (Fig. 4). The effects were spatially 
specific: there were no significant correlations in the least affected BG. The 
brain-disease correlations in the CMA and in the left GP were specific to disease 
severity in the most affected hand and not related to disease severity in the most 
affected foot (see Table 2 for post-hoc partial correlations).
Last, given the dense connections between the CMA and the BG [particularly the 
anterior putamen; (Takada et al., 2001;McFarland and Haber, 2000)] and given the 
detrimental effect of dopamine depletion on cortico-striatal connectivity (Lalo et al.,
2008), we directly tested whether effective connectivity between these structures 
would change as a function of disease severity. Switch-related effective connectivity 
between the CMA and the most affected BG significantly decreased as a function of 
lateralized disease severity (left GP, r=-0.71, p=0.039 corrected, local maximum at [-20 
4 2]; left putamen, r=-0.80, p=0.007 corrected, local maximum at [-22 4 2]; see Fig. 4 
E-F). These effects were spatially specific: they were not present for the least affected 
BG and they were localized to the anterior putamen, which is anatomically connected 
to the CMA (Takada et al., 2001) and specifically involved in internally guided action 
selection (Jueptner et al., 1997). Again, these correlations were specific to disease 
severity in the most affected hand and not related to disease severity in the most 
affected foot (Table 2).
210 | Chapter 7
F ig u re  3 Switch- and error-related brain activ ity
The left column shows the anatomical distribution of switch- and error-related activity, the 
middle column shows the effects size of switch-related cerebral responses and the right 
column shows the effects size of error-related responses. The top row (panels A-C) shows 
brain regions where cerebral activity increased during hand-switch trials (compared to 
hand-repeat trials), specifically for the most affected hand (as compared to the least affected 
hand). The middle row (panels D-F) shows brain regions where cerebral activity increased 
during error trials (as compared to correct trials). The bottom row (panels G-I) shows brain 
regions that were sensitive to both switch- and error-related effects (conjunction analysis of 
the overlap between switch-related effects (top row) and error-related effects (middle row)
Switching between motor representations in PD | 211
(Nichols et al., 2005)). These results show a double dissociation in the response profiles of the 
CMA and the ACC to switching and error processing: the CMA [the posterior part of the 
switch-related cluster within the MFC; panel A] responded only during switch trials (panel B), 
but not during error trials (panel C). In contrast, the ACC [the anterior part of the error-related 
cluster within the MFC; panel D] responded only during error trials (panel F), but not switch 
trials (panel E). The pre-SMA (panel G) showed both switch- (panel H) and error-related 
activity (panel I). The statistical parametric maps (left column) represent the results of a 
random effects analysis, shown at an uncorrected threshold of p<0.001 (for graphical 
purposes), and superimposed on sagittal sections of a representative brain of the MNI series. 
The histograms (middle and right columns) show the mean (± SEM) parameter estimates 
from this random effects analysis. The left side of the figure shows the left side of the brain.
T ab le  2 Brain-disease relationship
Partial correlations between cerebral effects (switch-related activity; connectivity with 
Cingulate Motor Area) and lateralized disease severity indexes (UPDRS-hand; UPDRS-foot). 
The four regions reported in this Table were significantly correlated with lateralized 
disease severity (corrected for multiple comparisons, see Results). Post-hoc, we calculated 
partial correlations between the local maxima of these regions and hand-specific disease 
severity (while correcting for foot-specific disease severity), as well as with foot-specific 
disease severity (while correcting for hand-specific disease severity). The results show 
that the brain-behavior relationships are specific for hand-specific disease severity. Note 
that the r- and p-values in this Table are not corrected for multiple comparisons, so they 
should be interpreted with caution.
Anatomical region MNI Partial Correlation 
coordinates 
(x, y, z)
UPDRS-hand UPDRS-Foot
R p-value R p-value
Switch-related activity
Cingulate Motor Area 4 -2 46 0.75 0.001 0.18 0.50
Left Globus Pallidus 18 -2 -2 -0.70 0.003 -0.38 0.15
Switch-related Connectivity with Cingulate Motor Area
Left Globus Pallidus -20 4 2 -0.70 0.003 -0.15 0.58
Left Putamen -22 4 2 -0.80 <0.001 -0.27 0.31
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F ig u re  4 Correlation betw een cerebral effects and disease severity
The left column shows the anatomical distribution of switch-related responses that were 
modulated by clinical disease severity. The right column shows the relationship between 
switch-related activity and disease severity. Switch-related responses and disease severity are 
shown for the most affected side. The top row (panels A-B) shows brain regions where 
switch-related activity increased as a function of disease severity. The middle row (panels 
C-D) shows brain regions where switch-related activity decreased as a function of disease 
severity. The bottom row (panels E-F) shows that switch-related inter-regional coupling 
between the CMA (panel E, in orange) and the left putamen/GP (panel E, in cyan) decreased
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as a function of disease severity. In panels B and D, each dot represents switch-related activity 
for one patient. In panel E, each dot represents the change in correlation between responses 
in the left putamen and the CMA during hand-switch trials (as compared to hand-repeat 
trials) for one patient. The statistical parametric maps (left column) represent the results of a 
random effects analysis, shown at an uncorrected threshold of p<0.01 (for graphical purposes), 
and superimposed on sagittal and coronal sections of a representative brain of the MNI 
series. The left side of the figure shows the left side of the brain.
Ex p e rim en t 2
To test whether the switch effects described above were specific to PD, we directly 
compared behavioral performance of 10 PD patients with that of 10 matched healthy 
controls during a task similar to Exp. 1 (see Suppl. Material). There were significant 
switch-costs only in the PD group (GROUP x HAND-ORDER interaction: F(1,18)=14.60; 
p=0.001; main effect of HAND-ORDER for PD patients: F(1,9)=20.76; p=0.001; no main 
effect of HAND-ORDER for controls: F(1,9)=1.44; p=0.26). This confirms that the switch 
effects described in Exp. 1 were specific to PD.
Ex p e rim en t 3
To test whether the switch effects described above were specific to internally 
generated movements (as compared to spatially cued movements), we performed a 
behavioral control experiment where patients executed spatially cued hand 
movements, comparing switch and repeat trials for the most and least affected hand 
(see Suppl. Material). There was no significant effect of HAND-ORDER, and no HAND x 
HAND-ORDER interaction (F(1,10)=0.19; p=0.67). This indicates that the switch effects 
described in Exp. 1 and 2 are specific to internally generated movements.
Discussion
W e investigated the effect of striatal dopamine depletion on the ability to switch 
between independent action plans, as evoked by a motor imagery task that lacked 
any predefined structure across trials. There are two main findings. First, PD patients 
were specifically impaired in action selection of their most affected hand, but only 
when this involved a switch with respect to the hand selected in the previous trial. 
Cerebrally, this effect was accompanied by decreased activity in the most affected 
globus pallidus. This finding supports our hypothesis that the BG have a specific role 
in action selection when a switch from recent motor history is required. Second, we 
show enhanced switch-related activity in the medial frontal cortex that increased
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with advancing disease. This pattern of cortical responses may result either from 
functional compensation, or from reduced focusing within the fronto-striatal circuit.
T he  e ffe c t o f s tria ta l d ys fu n c tio n  on ac tion  sw itch ing
The hand-switch effect we report was functionally specific in three different aspects. 
First, the effect was present in PD patients -not in healthy controls- and it was related 
to disease severity. Second, the hand-switch effect was lateralized toward the most 
affected hand, but absent (or considerably reduced) for the least affected hand. This 
asym metry rules out several potential confounds that were matched across hands, 
such as perceptual changes in stimulus features during switch trials, non-lateralized 
cognitive impairments [attention, working memory; (Mattay et al., 2002)] and non- 
lateralized PD pathologies [frontal dopamine and perfusion levels (Kaasinen et al., 
2000;Eidelberg et al., 1995)]. Third, the hand-switch effect was present when patients 
selected actions based on internal context (Exp.1-2), but not when their actions were 
spatially guided (Exp. 3).
The hand-switch effect in PD is compatible with computational models suggesting 
a role of the BG in updating novel representations (O'reilly, 2006). Impaired updating 
in PD may be caused by difficulties to select actions that were previously irrelevant 
(Moustafa et al., 2008), or by impaired inhibition of previously selected actions, 
allowing them to compete with novel motor representations (Rubchinsky et al., 2003). 
The latter account is consistent with the reduced switch-related activity observed in 
the globus pallidus: given the inhibitory effect of the globus pallidus onto the cortex, 
focused action selection involves the excitation of a large pallidal territory surrounding 
a functional centre, while concurrent inhibition of the functional centre allows specific 
recruitment of cortical representations (Mink, 1996). The net effect should be an 
increase in pallidal activity, which we only observed in very mildly affected patients. 
Our findings are also consistent with the observation that further disruption of pallidal 
function in PD, as caused by pallidotomy, selectively disturbs switching behavior 
(Troster et al., 2002).
In contrast to accounts focused on predefined sequences of movements (Benecke 
et al., 1987;Harrington and Haaland, 1991;Hayes et al., 1998), our results suggest that 
the BG are implicated during internal selection of independent action plans that depart 
from prior motor history. This explanatory framework can account for a variety of PD 
symptoms. For instance, the impairments of PD patients in initiating internally 
generated movements (Brown and Marsden, 1988) can be seen as a reflection of 
altered ability to select a change from the previously held posture. Similarly, the 
slowing and cessation of movements ("freezing") that occurs when patients have to 
switch from one motor program to another (e.g. when turning during walking) 
(Snijders et al., 2007) could be related to altered switching abilities.
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C o n trib u tio n s  o f th e  fron to-stria ta l system  to  ac tio n  sw itch ing
Switching toward the most affected hand evoked brain activity along portions of the 
medial frontal cortex directly connected with the BG, namely the CMA (Takada et al.,
2001) and pre-SMA (Akkal et al., 2007). The CMA response was specific in four different 
aspects. First, the response was driven by trials requiring switches to the most affected 
hand, but not to the least affected hand. Second, the CMA response was not sensitive 
to error processing, which separates this region from neighboring areas involved in 
performance monitoring (Mars et al., 2005;Rushworth et al., 2004). Third, the CMA 
response was anatomically confined to a region previously associated with hand 
movements (Paus, 2001), motor imagery (Ehrsson et al., 2003) and action switching 
(Rushworth et al., 2002). Fourth, the CMA response was modulated by disease severity, 
and reciprocally related to the hand-switch effects measured in the BG [i.e., it was 
particularly strong in those patients with weak or absent BG responses].
The enhanced CMA activity might compensate for reduced BG contributions to 
action switching. This interpretation is consistent with findings in healthy subjects 
showing inverse contributions of the striatal and medio-frontal dopamine systems 
during sequence learning (Garraux et al., 2007). It has been suggested that the striatal 
and frontal dopamine systems operate on different timescales, with slower and more 
prolonged neurotransmission in the frontal cortex, probably related to slower 
dopamine clearance (Lavin et al., 2005). These temporal differences may reflect the 
nature of the computations that are carried out in the striatum (simple associations 
between actions and expected rewards) and the frontal cortex [exhaustive explorations 
of possible future outcomes; (Daw et al., 2005)]. Accordingly, these neurochemical and 
computational properties suggests a functional division of labor between a rapid 
contextual updating (supported by the BG) and a slower contextual updating, 
mediated by the frontal cortex (O'reilly, 2006;Pasupathy and Miller, 2005). In this 
framework, the increased behavioral hand-switch costs fit with an asymmetrically 
reduced contribution of the fast striatal system, an increased reliance on the slower 
medio-frontal system, and a modification of the coupling between these tw o systems. 
The reduced cortico-striatal coupling may have led to an imbalance between the two 
systems in the PD patients, biasing the system toward slow updating. This idea is 
consistent with findings in healthy subjects, where transient dopamine depletion led 
to increased behavioral switch costs and diminished functional connectivity between 
anterior striatum and frontal cortex (Nagano-Saito et al., 2008).
Alternatively, the enhanced CMA activity may represent a pathological response, 
related to reduced focusing abilities of the BG (Mink, 1996;Rubchinsky et al., 2003). 
Specifically, reduced switch-related activity in the globus pallidus may have led to 
impaired inhibitory control over the cortex, as evidenced by the decrease in cortico- 
striatal coupling we observed. In this framework, the enhanced behavioral hand-switch 
costs may be caused by competition between the previously selected motor
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representation and the novel one. Further studies, based on interference methods, 
could distinguish between the two possibilities outlined above.
In contrast to the activity profile observed in the CMA, the pre-SMA responded 
during both hand-switch trials and error responses, confirming an overlap between 
performance monitoring [error processing] and action selection in this region 
(Ullsperger and von Cramon, 2001;Mars et al., 2005). This finding is consistent with 
several studies suggesting that the pre-SMA monitors and integrates internal states 
over different trials (Rushworth et al., 2004), switching to alternative action sets when 
necessary (Isoda and Hikosaka, 2007;Mars et al., 2007). Accordingly, the enhanced 
pre-SMA activity we observed could be related to increased cognitive control in the 
face of reduced focusing abilities of the BG, an instance of the increased contribution 
of this region to performance monitoring in PD patients (Carbon et al., 2007;Catalan et 
al., 1999).
In te rp re ta t io n a l issues
We did not systematically explore how the hand-switch effects vary as a function of 
the temporal delay between subsequent trials, but it appears that the shorter inter-trial 
intervals in Exp.2 (compared to Exp.1) evoked higher switch-costs that were visible for 
both hands (while this effect was lateralized in Exp. 1). Although these differences 
might result from a variety of procedural differences between Exp. 1 and 2 (see 
Methods), it is tempting to speculate that PD patients are particularly impaired when 
rapid switches between motor plans are required.
Given that in Exp. 1-2 subjects responded with their left and right foot, one might 
argue that the hand-switch effects we report are caused by the execution of foot 
movements. This appears unlikely, for the following reasons. First, the switch-related 
activity was confined to a hand-specific portion of the CMA (Paus, 2001). Second, the 
PD patients were selected for having mainly hand-related symptoms, and accordingly 
had greater disease severity and motor asym metry in the hands than in the feet. Given 
that there were no hand-switch effects when the patients performed spatially cued 
hand movements (Exp. 3), it is unlikely that a simple button press with the feet (Exp. 
1-2) caused the switch effects we report. Third, switch-related activity in the CMA and 
in the left BG showed high partial correlations with hand-specific disease severity 
scores, but not with foot-specific disease severity scores.
Finally, it is possible that PD-related impairments outside the BG may have 
contributed to the effects we observed (Shin et al., 2005).
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Conclusion
W e conclude that striatal dysfunction in PD leads to slower selection of action plans 
that deviate from the previous motor context, and to correspondingly enhanced 
medial frontal activity. Our results qualify the general notion that PD patients are 
impaired in "internally selecting" actions (Brown and Marsden, 1988), by defining it as 
a BG-dependent interaction between the recently selected and the current action 
plan.
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Supplementary material
( In creased  d ep e n d e n ce  o f a c tio n  se le c tio n  on recen t m o to r h is to ry  in 
Pa rk in son 's  d isease ) 
Su p p l. M e th o d s  - Im age  p rocessing
First, functional images were spatially realigned using a sinc interpolation algorithm 
that estimates rigid body transformations (translations, rotations) by minimizing 
head-movements between each image and the reference image (Friston et al., 1995). 
Subsequently, the time-series for each voxel was realigned temporally to acquisition 
of the first slice. Images were normalized to a standard EPI template centered in 
Talairach space (Ashburner and Friston, 1997) by using 12 linear parameters (translation, 
rotation, zoom, and shear) and resampled at an isotropic voxel size of 2 mm. 
The normalized images were smoothed with an isotropic 10 mm full-width-at-half- 
maximum (FWHM) Gaussian kernel. Anatomical images were spatially coregistered to 
the mean of the functional images (Ashburner and Friston, 1997) and spatially 
normalized by using the same transformation matrix applied to the functional images. 
The ensuing pre-processed fMRI time series was analyzed at the first level using an 
event-related approach in the context of the General Linear Model (GLM). Then, the 
contrast images from the first level were entered into a second level random-effect 
analysis in a within-patient analysis of variance (ANOVA).
Su p p l. M e th o d s  - E ffe c tiv e  c o n n e c t iv ity
A psychophysiological interaction (PPI) analysis makes inferences about regionally 
specific responses caused by the interaction between the psychological factor and 
the physiological activity in a specified index area (Friston et al., 1997). The analysis 
was constructed to test for differences in the regression slope of the activity in all 
remaining brain areas on the activity in the index area (the MFC), as a function of 
HAND-ORDER for the most affected hand ( s w it c h  >  r e p e a t ) . In other words, this analysis 
searches for brain regions showing increased connectivity with the MFC for trials 
where motor imagery (MI) of most affected hands was preceded by MI of the least 
affected hands ( s w it c h ) , as compared to trials where MI of least affected hands was 
preceded by MI of least affected hands ( r e p e a t ) . The index area was defined by the first 
eigentime series of all voxels within a 6 mm radius sphere centered on the regional 
maxima in the MFC that showed a HAND-ORDER effect for the most affected hand 
( s w it c h  >  r e p e a t ). First, a PPI analysis for each subject was performed at the first level. 
Then we assessed at the second-level whether these individual connectivity patterns 
were modulated by subject-by-subject variance in disease severity. This was done by 
entering individual PPI contrast images (obtained at the first level) into a simple 
regression (correlation) analysis, using lateralized disease severity for the most affected 
side (in UPDRS points) as an explanatory variable. Based on our a priori hypothesis,
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we used four VOIs centered on the bilateral BG (left GP and putamen), using the same 
images and statistical inference as described above.
Su p p l. M e th o d s  &  Resu lts: Ex p e rim en t 2.
In this experiment we compared behavioral performance of 10 PD patients (see Table 1) 
with that of 10 matched, healthy controls. The task involved motor imagery of left and 
right hands (almost identical to Exp.1, see below). We analyzed the effect of factors 
GROUP (controls, PD), HAND (left, right) and HAND-ORDER (repeat, switch) on the RTs.
Experimental task setup: Subjects were seated in front of a computer screen with 
their left and right big toe on separate response buttons. They were presented with 
realistic photos of left and right hands and asked to report as quickly as possible 
whether they saw a picture of a left or right hand by flexing their left or right big toe, 
respectively. Reaction time was defined as the time between onset of the visual 
stimulus and key press. Visual stimuli presentation and behavioral responses recording 
were controlled with a PC running Presentation software (Neurobehavioral systems, 
Albany, USA). The photos of left and right hands were identical mirror images, they 
could be shown rotated from an upright (0°) position until ±100° (in 10 steps of 20°), 
and they could be shown as back- or palm-views, according to a pseudo-randomized 
trial order. There were 352 stimuli (intertrial interval: 0.5 - 1.5 sec), presented in 44 
blocks of 8 trials, with a total measurement time of ~20 minutes. The focus here was 
on trial order effects in the laterality of imagined hand movements (factor 
HAND-ORDER), which were calculated in the same way as in Exp.1. The first trial of 
each of the 44 blocks, incorrect trials, and trials following incorrect trials were excluded 
from the analyses.
Results: Both patients and controls performed the task accurately, although 
patients tended to make more errors than controls (PD patients: 8.7 ± 2.1 % ; controls: 
4.3 ± 1.3 % ; mean error rate ± SEM; main effect of GROUP: F(1,18)=3.43; p=0.080). PD 
patients were slower than controls when the task required them to switch from one 
hand to the other (GROUP x HAND-ORDER interaction: F(1,18)=14.60; p=0.001; main 
effect of HAND-ORDER for PD patients: F(1,9)=20.76; p=0.001; no main effect of 
HAND-ORDER for controls: F(1,9)=1.44; p=0.26; Fig. 2 A & B). The effect of HAND-ORDER 
on the RT was similarly modulated by factor HAND in both groups. In the control 
group this effect consisted of a relatively smaller switch benefit for the right hand 
than for the left hand (see Suppl. Fig. 1A), whereas in the PD group this effect consisted 
of a significantly larger switch cost for the (most affected) right hand than for the 
(least affected) left hand (see Suppl. Fig. 1B). Although PD patients appeared to be 
overall slower than healthy controls, this was not significant (p>0.15). Finally, the 
subjects were overall faster during trials showing right hand stimuli (main effect of 
HAND: F(1,18)=6.85; p=0.017), probably due to the generic bias introduced by the 
right-handedness of the subjects.
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Eleven patients with idiopathic Parkinson's disease were tested in a practically-defined 
off-state (more than 12 hours after having taken their last medication; (Langston et al., 
1992) during Exp. 3. UPDRS: Unified Parkinson's Disease Rating Scale; H&Y: Hoehn and 
Yahr rating scale.
Table 1 Clinical characteristics (Exp. 3)
Patient Exp. Sex Age UPDRS H & Y
Right
hand
Left
hand
Right
foot
Left
foot
other total
8 1-3 2 59 10 5 3 2 10 30 2.5
9 1-3 1 68 18 10 5 4 15 52 3
10 1-3 1 65 6 5 5 4 11 31 3
11 1-3 1 56 10 6 4 3 8 31 2.5
12 1-3 1 34 11 4 3 2 4 24 2
13 1-3 1 50 12 8 5 5 11 41 3
14 1-3 1 53 8 4 3 3 6 24 2.5
15 1-3 2 67 4 0 1 0 1 6 1.5
16 1-3 1 65 6 2 2 1 6 17 2
17 1, 3 2 43 16 8 3 2 11 40 2
18 1, 3 2 56 11 3 2 2 5 23 2
Mean 7 men 56.0 10.2 5.0 3.3 2.5 8.0 29.0 2.4
SD 10.6 4.2 2.9 1.3 1.4 4.0 12.5 0.5
Su p p l. M e th o d s  &  Resu lts - Ex p e rim en t 3
In this experiment we compared the most and least affected hand of 11 PD patients 
(Table 1) in a within-patients design. The task involved spatially cued movements with 
either the most or the least affected hand. W e investigated the effect of factors 
HAND-ORDER ( r e p e a t , s w it c h  ) and HAND ( l e a s t  a f f e c t e d , m o s t  a f f e c t e d ) on RTs.
Experimental procedures: The patients were seated in front of a table with their left 
and right hand positioned on the table over corresponding buttons (home-keys) on 
either side of the mid-sagittal plane (30 cm apart - see Suppl. Fig. 2). The table 
contained also two target buttons (with built-in LEDs) and two speakers, symmetrically 
positioned along the mid-sagittal plane (4 cm apart and 24 cm. from the corresponding 
home key). The patients were presented with one of four stimuli: an orange LED was 
illuminated in either the left or the right target button, or a 1000 Hz. sound from either 
the left or the right speaker. The patients were asked to leave the home key and move 
their left or right hand toward the corresponding left or right target button as soon as
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S u p p l. F ig  1 Experim ent 2
The bars show the time that subjects used to solve the hand-laterality judgment task 
(reaction time, RT, in ms; mean ± SEM). RTs for hand-repeat trials (blue bars) and hand­
switch trials (orange bars) are shown separately according to hand laterality (left, right). 
Panels A and B illustrate RTs from 10 healthy controls and 10 right-lateralized Parkinson's 
disease patients (PD), respectively.
they saw the left or right LED turned on, or they heard a sound from the left or right 
loudspeaker. For instance, when they heard a sound coming from the left loudspeaker, 
or saw the left target button lighting up, they were required to move their left hand 
from the home key, press the left target button and then move back to the left home 
key. The light or the sound remained switched on until the target button was pressed. 
The factor STIMULUS (2 levels: a u d i t o r y , v i s u a l )  was orthogonal to the previous two 
conditions, and we collapsed over this factor in our analyses. There were 320 trials 
(intertrial interval 1.5 - 2.5 sec) presented in a single block, with a total measurement 
time of ~20 minutes. The reaction time was defined as the time between onset of the 
sensory stimulus and the moment the hand left the home key.
Results: Patients were slower in responding with their most affected hand than 
with their least affected hand (main effect of HAND: F(1,10)=5.30; p=0.044). In contrast 
to the findings of Experiments 1 and 2, there was no significant effect of HAND-ORDER, 
and no HAND x HAND-ORDER interaction (F(1,10)=0.19; p=0.67). See also Suppl. Fig. 2.
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S u p p l. F ig  2  Experim ent 3
Task setup (panel A). Patients had their left (least affected) and right (most affected) hand on a 
home-key (black buttons) and were presented with one of four stimuli: an orange LED was 
illuminated in either the left or the right target button, or a 1000 Hz. sound from either the left 
or the right speaker. They were asked to leave the home key and move their left or right hand 
toward the corresponding left or right target button as soon as they saw the left or right LED 
turned on, or they heard a sound from the left or right loudspeaker. Results (panel B). The bars 
show the average reaction times (± SEM) for 11 right-lateralized PD patients. The results are 
depicted separately for hand-repeat (blue bars) and hand-switch (orange bars) conditions, and 
separately for the most and least affected hand (see x-axis).
Suppl. Table 2 Error-related cerebral activity
MNI stereotactic coordinates of local maxima for clusters where activity increased more for error trials than for correct trials [contrast: "errors 
> correct"]. For large clusters spanning several anatomical regions (e.g., the left and right insula), more than one local maximum is given. Cluster 
size is given in number of voxels. Statistical inference (p<0.05) was performed at the cluster level, correcting for multiple comparisons over the 
search volume (the whole brain). The intensity threshold necessary to determine the cluster-level threshold was set at p<0.001 uncorrected. ACC: 
anterior cingulate cortex; BA: Brodmann Area; PPC: posterior parietal cortex; pre-SMA: pre-supplementary motor area.
Anatomical label Functional label Hemisphere cluster statistics local maximum
size (voxels) p-value T-value X y z
'Errors > Correct'
Pre-SMA Pre-SMA R /L 2062 <0.001 6.1 -2 18 50
Middle Cingulate Cortex ACC R /L 5.36 2 26 36
Insular Cortex Insula R 2081 <0.001 6.78 36 26 -4
Caudate Nucleus Caudate Nucleus R 5.06 14 10 2
Inferior Frontal Gyrus BA 45 R 4.79 52 22 22
Insular Cortex Insula L 1630 <0.001 5.5 -42 20 -4
Caudate Nucleus Caudate Nucleus L 4.24 -12 10 4
Inferior Frontal Gyrus BA44 L 178 0.015 3.98 -48 8 22
Intraparietal sulcus PPC L 835 <0.001 4.57 -38 -40 48
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S u p p l. F ig  3 Switch-related brain activ ity
To rule out that the enhanced switch-related activity for the most affected hand (Fig. 3 A) was 
driven by longer RTs, we ran a second analysis where we modeled trial-by-trial RTs as variable 
event durations in our first-level model.
Panel A shows the anatomical distribution (in orange) of cerebral activity that increased 
during hand-switch trials (compared to hand-repeat trials), specifically for the most affected 
hand (as compared to the least affected hand), superimposed on a sagittal section of a 
representative brain of the MNI series (at an intensity threshold of p<0.001 uncorrected; 
cluster-level corrected for multiple comparisons at p<0.05). Panel B shows the beta values 
from the CMA local maximum for hand-switch and -repeat trials, separately for the least and 
most affected hand.
This result is essentially the same as shown in Figure 3A and B, which demonstrates that 
switch-related activity in the CMA is not merely driven by longer RTs. It is interesting that the 
pre-SMA activity was not visible at this threshold. This finding, together with the overlap of 
switch- and error-related activity in the pre-SMA (Fig. 3G-I), indicate that the pre-SMA activity 
(unlike the CMA) may be related to enhanced response monitoring.
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Restoration of cognitive flexibility 
in Parkinson's disease by incentive 
motivation
Abstract
The ability to adapt flexibly to our changing environment requires interactions between 
motivation and cognitive control. Such interactions have been most comm only 
associated with the prefrontal cortex. However, work with experimental animals 
indicates a critical role for dopamine in the striatum. Here, patients with mild 
Parkinson's disease (n= 32) and healthy controls (n=26) participated in a rewarded 
task-switching paradigm to establish a role for human striatal dopamine in the 
motivation-cognition interface. Cognitive rigidity in patients with Parkinson's disease, 
who have marked dopamine depletion in the dorsal striatum, was restored under 
conditions of high relative to low monetary incentives. Critically, this effect of incentive 
motivation on cognitive rigidity in the patients was predicted by the amount of 
dopamine depletion in the dorsal striatum, relative to the ventral striatum, as measured 
with 123I-FP-CIT Single Photon Emission Computed Tomography (SPECT). We speculate 
that intact dopaminergic function in ventral striatum might provide the basis for this 
motivation-based compensatory mechanism. These data provide a mechanism by 
which motivational goals can drive cognitive control processes, thereby compensating 
for cognitive deficits in Parkinson's disease.
Aarts E, Helmich RC, Janssen MJR, Oyen WJG, Bloem BR, Cools R (2011). Striatal dopamine 
mediates the interface between motivation and cognitive control in humans: Evidence from 
Parkinson's disease. Submitted.
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Introduction
The ability to control our behaviour in a goal-directed manner is a hallmark of human 
behaviour (Koechlin and Summerfield, 2007). Converting a motivational drive into a 
task-set appropriate for satisfying that drive involves reward-predictive signals that 
encourage the implementation and updating of abstract cognitive goal representations, 
which in turn direct motor control processes. Thus incentive motivation facilitates the 
ability to adapt flexibly to a constantly changing environment.
The motivational control of behavior has been frequently associated with the 
prefrontal cortex (Dickinson and Balleine, 1994). Recent functional neuroimaging work 
has revealed that motivational incentives affect performance and activity in the 
prefrontal cortex during cognitive control paradigms (Jimura et al., 2010;Kouneiher et 
al., 2009;Krawczyk et al., 2007;Taylor et al., 2004). However, work with behaving animals 
has highlighted the importance of dopamine in the striatum as a mechanism for 
mediating interactions between motivation and cognition (Baldo and Kelley, 
2007;Belin et al., 2009). Specifically, dopamine-mediated reward-predictive signals in 
the ventral striatum (Schultz, 2002) would potentiate behavioral exploration of 
different responses in search of that reward. Furthermore, neuroanatomical data from 
nonhuman primates have revealed an arrangement of spiraling connections between 
the midbrain and the striatum that seems perfectly suited to subserve a mechanism 
by which dopamine can direct information flow from ventromedial, via central, to 
dorsolateral striatal regions (Haber et al., 2000).
We have recently used genetic imaging to demonstrate that striatal dopamine 
also modulates the interaction between motivation and cognitive control in humans 
(Aarts et al., 2010). Specifically, when subjects with genetically determined high striatal 
dopamine levels anticipated being rewarded for correct performance, they showed 
not only increased reward benefits and associated BOLD responses in the ventral 
striatum, but also increased cognitive flexibility and associated BOLD responses in the 
dorsal striatum, as compared with subjects with genetically determined lower striatal 
dopamine levels. Importantly, responses in the ventral and dorsal striatum were 
functionally correlated, suggesting that dopamine in the ventral striatum can influence 
processing in the dorsal striatum in motivationally relevant contexts. However, strong 
causal evidence for the existence of this mechanism in humans is lacking.
Early Parkinson's disease (PD) provides a good model for investigating behaviorally 
relevant interactions between ventral and dorsal striatal regions because it is accompanied 
by an imbalance of dopamine within the striatum. In the early stages of PD, dopamine is 
severely depleted in the dorsal striatum, while being relatively unaffected in the ventral 
striatum (Kish et al., 1988). Thus, the direction of progression of dopamine depletion in PD 
from dorsal to ventral striatum mirrors that of the ventral to dorsal information flow 
associated with the motivation-cognition interface. One intriguing corollary of this
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observation is that mild PD might be accompanied not only by intact incentive motivation, 
but also by an intact capacity of reward-predictive signals to facilitate cognitive flexibility. 
This is particularly pertinent in PD, where dorsal striatal dopamine depletion can induce 
significant cognitive inflexibility, a deficit that can be remediated with dopaminergic 
medication (Cools, 2006). Here we establish the causal role of striatal dopamine for the 
human motivation-cognition interface by showing that intact ventral striatal function in 
mild PD normalizes impaired dorsal striatal function, as indexed by task switching, but 
only under motivationally relevant conditions. Critically, by performing presynaptic 
dopamine transporter imaging in the same patients (using 123I-FP-CIT Single Photon 
Emission Computed Tomography; SPECT), we demonstrate the essential role of striatal 
dopamine in cognitive switching and the motivation-cognition interface.
Materials and methods
Pa rtic ip an ts
Fifty-eight right-handed adults (32 PD patients, 26 healthy control subjects) 
participated after having given written informed consent according to institutional 
guidelines of the local ethics comm ittee (CMO region Arnhem-Nijmegen, the 
Netherlands). All subjects were native Dutch speakers. They were paid for participation 
according to institutional guidelines (see below).
We included 32 early- to moderate-stage PD patients and 26 matched controls 
(Table 1). Patients were recruited from the Parkinson Centre at the Radboud University 
Nijmegen Medical Centre. Patients were included when they had idiopathic PD, 
diagnosed according to the UK Brain Bank criteria by an experienced movement 
disorders specialist (B.R.B.). Exclusion criteria were cognitive dysfunction (mnemonic 
or frontal executive problems) and other neurological or psychiatric diseases (including 
impulse control disorders). None of the controls had current major health problems or 
history of neurological/psychiatric illness either. Frontal executive problems were 
clinically assessed using the Frontal Assessment Battery (FAB) (Dubois et al., 2000). 
Patients with a FAB-score <14 were excluded (maximum score is 18 points). Each 
patient's disease severity was assessed using the Hoehn & Yahr stages and the Unified 
Parkinson's Disease Rating Scale (UPDRS). The individual stages according to the 
Hoehn and Yahr rating scale were 1.5 (n=1), 2 (n=29), 2.5 (n=1) and 3 (n=1). All patients 
showed more symptoms on one side than the other (UPDRS-most: 12.8 ± 0.68; 
UPDRS-least: 5.4 ± 0.61; t (31) = 10.6; p < .001). Ten patients had never used any 
Parkinson medication; six used levodopa, four dopamine agonists, 10 a combination 
of levodopa and dopamine agonists, and two used MAO-B inhibitors. The experiments 
were carried out in the morning, at least 12 hours after the last dose of dopaminergic 
medication (in a practically defined off-condition (Langston et al., 1992)).
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T ab le  1 Patient and control group characteristics
Values represent mean (SD). Education level on a range from 1 to 7. BIS = Behavioural 
Inhibition System (here, a high score means a high trait); BAS = Behavioural Approach 
System (here, a high score means a high trait); UPDRS-III = motor section of the Unified 
Parkinson's Disease Rating Scale.
# 1 missing data point in patient group;
* p < .05;
§ defined as the time since the patient subjectively noticed the first symptoms.
Parkinson's disease
(n = 32)
Control
(n = 26)
Gender, men 23 (72%) 15 (58%)
Age, years 57.7 (10.0) 59.6 (7.1)
Education level 5.9 (0.7) # 6.2 (0.6)
BIS 19.2 (3.7) 18.8 (3.2)
BAS - reward * 16.3 (1.8) 15.3 (1.6)
BAS - drive 12.6 (1.7) 13.0 (1.6)
BAS - fun 11.9 (2.0) 11.5 (2.2)
BAS - TOTAL 40.8 (4.1) 39.8 (3.7)
UPDRS-III 26.3 (7.6)
Disease duration, years § 4.1 (2.2)
G en e ra l p ro ced u re
Measurements in PD patients were performed on two separate occasions, separated 
by less than three months. On day 1, each patient received a structural MRI scan (see 
Sup p lem en ta l Experim en ta l Procedures) and disease severity was assessed 
clinically. On day 2, patients performed a computerized rewarded switching task (see 
below) and they received a 123I-FP-CIT SPECT scan (see Sup p lem en ta l Experim enta l 
Procedures) to measure the amount of presynaptic dopamine transporter (DAT) 
binding. Patients always performed the behavioral experiment approximately 30 
minutes after the injection of 123I-FP-CIT, and before the actual SPECT scan (which was 
performed three hours after injection of the isotope). On day 2, all patients also 
completed the Dutch version of the Behavioural Inhibition System and Behavioural 
Activation System (BIS/BAS) scales (Carver and White, 1994;Franken et al., 2005), a 
questionnaire that assesses three personality measures related to reward sensitivity 
(BAS) and one related to behavioral inhibition/anxiety (BIS). The BAS scales include 
positive affect/excitability (BAS reward responsiveness) (e.g., "W hen good things 
happen to me, it affects me strongly"). Measurements in healthy controls were
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performed on one day: subjects completed the same behavioural task and BIS-BAS 
questionnaire as the PD group, but they did not undergo SPECT or MRI imaging.
R ew a rd ed  task-sw itch ing  parad igm
For this study, we used the same paradigm that was employed in our previous fMRI 
study (Aarts et al., 2010). Participants performed a pre-cued task-switching task 
(F igure  1) designed to measure cognitive flexibility. The targets to which participants 
had to respond were written direction words (left and right) in blocked arrows 
pointing to the left or to the right, resulting in incongruent arrow-word combinations 
(F igure  1) (Aarts et al., 2008). The lines and letters of the targets were white on a black 
background. Participants responded manually to the Stroop-like stimuli by pressing a 
left button (with their left index finger) or a right button (with their right index finger) 
on a button box. Participants responded either to the direction of the arrow (arrow 
task) or to the direction indicated by the word (word task), which were always in 
conflict. A task-cue indicated which task to perform. The cues for the arrow task were 
the Dutch words for arrow (pijl) and shape (vorm). The cues for the word task were the 
Dutch words for word (woord) and letter (letter). Compared with the previous trial, the 
task-cue switched on every trial, while the task itself switched (from arrow to word or 
vice versa) or was repeated (from arrow to arrow or from word to word) in a random 
fashion. This way, a task-switch (i.e., the manipulation of interest) was never confounded 
with a task-cue switch (Logan and Bundesen, 2003). The critical measure of interest, 
the switch-cost, was calculated by subtracting performance (errors and reaction 
times) on repeat trials from that on switch trials.
In addition, a reward-cue (reward anticipation), denoted by the words 1 cent or 10 
cent, preceded each task-cue, telling the participants whether 1 cent (low reward) or 
10 cents (high reward) could be earned with a correct and quick response. After the 
participant's response, feedback was given. Positive feedback was given for a correct 
response and depended on the preceding reward-cue at the beginning of the trial: 
correct! 1 cent or correct! 10 cents. Negative feedback was given for an incorrect 
response (wrong!0cent) or a missed response (toolate!0cent).The feedback for correct 
responses was given in green, the feedback for incorrect responses in red, and the 
feedback for misses in blue.
The main experiment consisted of 240 trials (except for the first 4 patients who 
performed a 160-trial version of the task). The factors reward (high/low), task (arrow/ 
word), switching (switch/repeat), and response (right/left) were equally distributed 
over the trials in a random fashion (similar to the practice blocks), resulting in 60 trials 
per condition when taking the factors reward and switching into account (i.e., 60 high 
reward switch trials, 60 low reward switch trials, 60 high reward repeat trials, 60 low 
reward repeat trials). The whole experiment lasted for about 30 minutes with a 
self-paced break after every 40 trials. In the break, the amount of m oney the participant
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had earned thus far in the experiment was displayed on the screen. The maximum 
amount of money a participant was able to win was 13.20 Euros.
A description of the timing of stimuli, the practice blocks, and the earned reward can 
be found in the Sup p lem en ta l Experim en ta l Procedures.
F ig u re  1 Exam ple trials from the experim ental paradigm
In both of these trials, the reward-cue indicated that the participant could earn 10 cents 
with a correct and sufficiently quick response (as opposed to 1 cent in the low reward 
condition). The task-cue told the participant to respond to the arrow of the incongruent 
arrow-word Stroop-like target in the first trial, but to the word of the incongruent 
arrow-word Stroop-like target in the second trial. Hence, the second trial is an example 
of a switch of the task relative to the previous trial. Immediately after the response with a 
button box, feedback was given with the amount of reward the participant had earned 
for this specific trial. There was a variable delay of one to two seconds between cues and 
targets in which participants had to fixate on an asterisk in the middle of the screen.
B e h a v io ra l d a ta  ana lys is
W e were interested in the effect of anticipated reward (high vs. low) on the switch 
cost (switch-repeat trials) and whether this interaction between motivation (reward 
anticipation) and cognition (cognitive flexibility, measured with task-switching) would 
differ between patients and controls. For this purpose, the mean latencies of the
\  I I H A I  arrow-word target1-2 s \ .
feedback
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correct manual responses and the proportion of errors were analyzed (with Statistical 
Package for the Social Sciences 15.0 Inc., Chicago, IL, USA), using a four-way analysis of 
variance (ANOVA) with the within-subjects factors REWARD (high, low), TASK (arrow, 
word), SWITCHING (repeat, switch) and the between-subjects factor DIAGNOSIS 
(Parkinson's disease, healthy controls). The RTs and errors of the missed trials, i.e., the 
responses that were executed after the response deadline, were analyzed together 
with the responses that were in time. Gender was taken as a covariate of non-interest 
in the between-subject analyses.
For statistical purposes, a natural logarithm (LN) transformation was applied to 
the RTs, to maximize hom ogeneity of variances between groups. Levene's test of 
hom ogeneity of variances revealed that this transformation was successful in 
equalizing variance between groups (all P's > .1). The mean proportions of incorrect 
responses were transformed with the following formula: 2*arcsinVx (Sheskin, 2003). 
Levene's test of hom ogeneity of variances revealed that this error rate transformation 
was also successful in equalizing variance between groups (all P 's > .1).
This behavioral between-subject analysis was additionally used to select the measures 
of interest to correlate with the DAT binding potentials resulting from the SPECT scans 
in the PD patients (see below).
Independent-samples t-tests (2-tailed) were used to assess whether there were 
differences in patient and control group characteristics (Table 1), like age, educational 
level, and BIS/BAS-scores. The scores on the BIS/BAS questionnaire were converted, 
such that a high score represents a high presence of the trait.
S tr ia ta l reg ions o f in te rest
W e individually segmented each patient's anatomical MRI scan (see Su p p lem en ta l 
Experim en ta l Procedures) into the left and right putamen, caudate nucleus and 
nucleus accumbens using an automated segmentation tool (FIRST v1.1 ; www.fm rib. 
ox.ac.uk/fsl). This procedure accounts for inter-individual differences in subcortical 
anatomy, thus increasing the reliability and sensitivity of our analyses. We separated 
the putamen into a posterior and an anterior part, to account for the well-known 
functional differences between these regions (Lehericy et al., 2005), and to account 
for the uneven amount of dopamine depletion between these regions in PD, which is 
most severe in the posterior putamen (Kish et al., 1988). The border between these 
tw o regions was defined as the line passing through the anterior commissure, 
following previous studies (Helmich et al., 2010;Postuma and Dagher, 2006). To avoid 
partial volume effects (i.e. averaging of signals from two functional compartments 
into one voxel), we left a gap of 3 mm between the posterior (y < -1; 32% ± 1% of total 
volume) and anterior (y > +1; 68.2 %  ± 1% of total volume) subdivisions of the putamen. 
Voxels in this gap were excluded. This procedure resulted in eight subject-specific 
striatal ROIs: the left and right posterior putamen, anterior putamen, caudate nucleus
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and nucleus accumbens (see F igure  3A). W ithin these ROIs, we calculated the average 
amount of presynaptic DAT binding as outlined below.
SP EC T  m easu rem en ts
Thirty one PD patients received a presynaptic dopamine transporter (DAT) scan, using 
I-123-FP-CIT. For details about image acquisition and preprocessing, see Supp lem en ta l 
Experim en ta l Procedures. After normalizing each subject's DAT image to his or her 
structural MRI scan, we calculated the average amount of DAT binding in each of the 
eight striatal ROIs defined above. This was done by estimating the proportion of the 
signal caused by specific DAT binding, as opposed to activity caused by unbound or 
non-specifically bound FP-CIT. Following the method by Scherfler and colleagues 
(Scherfler et al., 2005), we normalized each voxel's raw signal by the signal in a region 
that is devoid of dopamine transporters (the occipital cortex). This produced a specif- 
ic-to-nondisplaceable equilibrium partition coefficient (V"3) for each voxel, which is 
proportional to DAT density. We calculated regional DAT binding by averaging V"3 
across all voxels within an ROI, and these values were used as the dependent measure 
in the following analyses.
To test for regional differences in striatal DAT binding, we performed a two-way 
repeated measure ANOVA with factors REGION (4 levels: posterior putamen, anterior 
putamen, caudate nucleus, nucleus accumbens) and SIDE (2 levels: most- vs. 
least-affected hemisphere) on average V"3 values. This revealed a significant SIDE x 
REGION interaction, which indicates that the absolute inter-hemispheric difference in 
DAT binding varied between striatal regions. To test whether proportional DAT binding 
(in the most- compared to the least-affected hemisphere) differed between regions, 
we performed a one-way ANOVA with factor REGION on hemispheric asymmetry 
index (AI) values. AI was calculated using the following formula: AI =: (V"3 least-affected 
ROI - V"3 most-affected ROI) / (V"3 least-affected ROI + V"3 most-affected ROI).
To test for a relationship between striatal DAT binding and behavioral measures, 
we correlated regional DAT binding (averaged across both hemispheres) with our 
main behavioral outcome measures, i.e. the switch cost on low and high reward trials 
and an index of the reward-cognition interaction [(switch-cost low reward) - 
(switch-cost high reward)]. Likewise, we correlated regional DAT binding (averaged 
across hemispheres) with clinical measures of disease severity (total UPDRS and 
disease duration).
Finally, we computed a ventral-to-dorsal striatal dopamine gradient by calculating 
the asym metry index (AI) between DAT binding in the nucleus accumbens (averaged 
across both hemispheres) and DAT binding in the posterior putamen (averaged across 
both hemispheres). This was done by using the same formula as shown above: AI = 
(V"3 nucleus accumbens - V"3 posterior putamen) / (V"3 nucleus accumbens + V"3 
posterior putamen). W e correlated this measure with the behavioral reward-cognition
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interaction [ (switch-cost low reward) - (switch-cost high reward)]. For this specific 
correlation, we removed one patient from the analysis, because his AI deviated more 
than 3 standard deviations from the group average (shown in Figure S1C). We used 
Pearson correlations throughout the paper. Alpha level was set at p<0.05. Green- 
house-Geisser correction was used to correct for non-sphericity, when applicable.
Results
Pa tien ts  w ith  m ild  PD  ex h ib it ta sk  sw itch in g  de fic its
Thirty-two PD patients (never-medicated or withdrawn from their medication), and 
twenty-six age- and education-matched control subjects (Table 1) performed a 
task-switching paradigm with a monetary reward cue (1 or 10 cents) preceding each 
switch or repeat trial (F igure  1).
As seen previously (Cools et al., 2001b;Cools et al., 2001a;Cools et al., 2003), PD 
patients exhibited a task-switching deficit when the potential for reward was minimal. 
Thus, in the low reward condition PD patients made more errors on switch- relative to 
repeat trials than did controls (SWITCHING * DIAGNOSIS: F (1,55) = 5.63, P = .021; F igure 
2A). This task-switching deficit was restricted to conditions in which subjects switched 
to the least difficult arrow task (see Main behavioral effects, Su p p lem en ta l Data) and 
did not extend to the word task condition (SWITCHING * DIAGNOSIS: F (1,55) < 1; 
F igure  2A). The interaction between TASK, SWITCHING, and DIAGNOSIS was significant 
(F (1,55) = 4.04, P = .049) and concurs with the observation that costs are greatest 
when subjects switch to an easy, dominant task (Allport et al., 1994).
Studies investigating dopaminergic medication withdrawal in PD patients have 
suggested that task-switching deficits in PD reflect dopamine depletion in dorsal 
striatum (Cools, 2006). However, there has been no direct evidence for this hypothesis. 
We fill this gap by assessing dopamine transporter binding potential in different 
striatal subregions of the PD patients using 123I-FP-CIT SPECT, and correlating this with 
the presently observed increased error switch cost. In the following section, we first 
report that striatal dopamine depletion in this patient group is characterized by dor- 
sal-to-ventral gradient, in a disease severity-dependent manner (Kish et al., 1988). 
Next we report the predicted significant association between the task-switching 
deficit and dopamine depletion in the dorsal striatum.
T he  p a tte rn  o f  d o p a m in e  d ep le tio n  in PD  fo llo w s  a do rsa l to  ven tra l g rad ien t
In the PD group, we quantified presynaptic dopamine transporter (DAT) binding 
across four different striatal subregions (F igure 3A): the posterior putamen, anterior 
putamen, caudate nucleus, and nucleus accumben (Helmich et al., 2010;Postuma and 
Dagher, 2006). These regions were based on subject-specific anatomical information
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A  low  reward tria ls  B  high reward trials
PD HC
F ig u re  2 The sw itch cost in PD patients d iffered as a function of anticipated 
reward
(A) Plotted is the switch cost (switch - repeat trials) in error rates for low reward trials, 
separately for the arrow and word task and patients and controls. PD patients exhibited 
a switching deficit compared with the healthy controls in the arrow task. (B) In the high 
reward trials, this switching deficit for patients relative to controls was no longer 
present. (C) Similar to the error rates, the reaction times demonstrate that PD patients 
can use anticipated reward to decrease the switch cost and, thus, restore cognitive 
flexibility. Error bars represent the standard error of the difference between switch and 
repeat trials. PD = Parkinson's disease patients; HC = healthy controls.
obtained from his/her structural MRI scan. To test for regional differences in striatal 
DAT binding, we took advantage of the fact that PD is an asymmetric disease, 
comparing the most and least-affected hemispheres within the PD group. First, we 
found that PD patients had a significant reduction of striatal DAT binding in the 
most-affected hemisphere, as compared with the least-affected hemisphere (main 
effect of SIDE: F (1,30) = 94.8; p <.001; F igure  3B). Second, DAT binding was generally 
lower in dorsal than in ventral portions of the striatum (main effect of REGION: 
F (3,90)=128.0; p <.001; F igure  3B). Third, the difference between hemispheres
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varied between striatal subregions (SIDE * REGION interaction: F (3,90) = 3.3; p = .025; 
F igure 3B), indicating that the absolute inter-hemispheric difference in DAT binding 
differed between striatal regions. To test whether the relative DAT reduction in the 
most-affected hemisphere (compared with the least-affected hemisphere) differed 
across the striatum, we compared the hemispheric asymmetry index [AI; (least - most) 
/ (least + most) DAT] between striatal regions and found that proportional dopamine 
depletion was more severe in dorsal than in ventral parts of the striatum (REGION: F 
(1.8,54.5) = 5.0; p = .012; F igure  3C). Specifically, the relative DAT reduction in the 
most-affected hemisphere (compared with the least-affected hemisphere) displayed 
a dorsal-to-ventral gradient, being highest in the posterior putamen (36% reduction), 
followed by the anterior putamen (26% reduction), caudate nucleus (20% reduction) 
and nucleus accumbens (10% reduction). Post-hoc t-tests showed that hemispheric 
asymmetry was significantly lower in the nucleus accumbens than in the posterior (t 
(30)=3.0; p = .005) and anterior (t (30) = 2.9; p = .007) putamen, while asymmetry 
tended to be lower in the caudate nucleus than in the posterior putamen (t (30) = 2.0; 
p = .057).
Next, we assessed whether dopamine depletion was associated with measures of 
disease severity. In line with previous work (Brooks and Piccini, 2006;Spiegel et al.,
2007), we found a significant relationship between DAT binding in the posterior 
putamen and both disease severity (total UPDRS score; R = -0.40; p = .025) and disease 
duration (R = -0.48; p = .006; F igure 3D). Thus, patients with severe striatal dopamine 
depletion were clinically more impaired and had longer disease duration than patients 
with mild striatal dopamine depletion. No correlations were found for other striatal 
subregions. As predicted, DAT binding in the nucleus accumbens was unaltered 
during the course of the disease (correlation with total UPDRS: R = -.13; p = .48; 
correlation with disease duration: R = -0.01; p = .96; F igure  3E). These data demonstrate 
impaired dorsal striatal functioning, but intact functioning of the ventral striatum in 
our sample of PD patients. The next step was to determine whether this disease-relat­
ed dopamine depletion in dorsal striatum was associated with the task-switching 
deficit displayed by the PD patients, before investigating the possible association of 
this ventral-to-dorsal gradient of striatal dopamine depletion with the use of reward 
to facilitate task-switching.
Task switching deficits depend on dopamine depletion in the dorsal striatum
PD patients showed a larger switch cost in terms of error rates in the low reward arrow 
trials than healthy controls. W e correlated this switch cost in the PD group with DAT 
binding in the different striatal subregions. As predicted, the cognitive inflexibility 
that PD patients displayed on low reward trials was associated with the amount of 
dopamine depletion in the dorsal striatum, i.e., reduced DAT binding in the posterior
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F ig u re  3 Dopam inergic im aging results
The amount of presynaptic dopamine transporter binding (using 123-I-FP-CIT SPECT) across 
four striatal regions of interest (ROI): the posterior putamen (in cyan), anterior putamen (in 
yellow), caudate nucleus (in orange), and the nucleus accumbens (in red). (A) For each patient, 
these four ROIs were defined based on the structural MRI scan, and then overlaid on that 
subject's co-registered and normalized SPECT scan. (B) In each ROI, dopamine transporter 
(DAT) binding (V”3; averaged across the ROI) was calculated and averaged (± SEM) across the 
group (separately for the most- and least-affected hemispheres (black and gray bars, 
respectively). (C) Hemispheric DAT asymmetry (V”3 asymmetry index: (least - most) / (least + 
most), on the y-axis), for different portions of the striatum (x-axis). (D) Correlation between 
disease severity (in years, on the x-axis) and DAT binding (V”3, averaged across both 
hemispheres, on the y-axis) in the posterior putamen (E) and the nucleus accumbens. 
The results show regionally distinct patterns of dopamine depletion in PD (panels B, C), 
and regionally distinct progression of dopamine depletion across the striatum (panels D, E).
putamen predicted increased switch costs (R = -0.40; p = 0.026; F igure  S1A). By 
contrast, there were no correlations between the switch cost and DAT binding in any 
other striatal region (R between 0 and 0.1; p > 0.7). This finding provides the first direct 
evidence that task-switching deficits in mild PD reflect dopamine depletion in the
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dorsal, but not the ventral striatum, and is generally in accordance with the hypothesis 
that dopamine in the striatum promotes switching to salient tasks (here, the dominant 
arrow task) (Redgrave et al., 1999;van Schouwenburg et al., 2010).
A n tic ip a tio n  o f m o n e ta ry  in cen tive  rem ed ia tes  task-sw itch ing  d e fic its  in PD
Intriguingly, the task-switching deficit displayed by PD patients was completely 
remediated when patients anticipated being highly rewarded for a correct and fast 
answer, so that, on high reward trials, there was no longer a difference between 
switch costs of patients and those of controls (SWITCHING * DIAGNOSIS: F (1,55) < 1; 
F igure  2B). This observation that cognitive inflexibility was restored by incentive 
motivation was reliable, as evidenced by a significant 3-way interaction between 
REWARD, SWITCHING, and DIAGNOSIS across the arrow and word tasks in terms of 
error rates (F (1,55) = 4.32, P = .042) as well as marginally in terms of response times 
(F (1,55) = 3.41, P = .070; F igure  2C). Further analyses showed that the 3-way interaction 
for error rates was driven by a 3-way interaction for the arrow task (F (1,55) = 5.87, 
P = .019; F igure  2A+B), but not for the word task (F (1,55) < 1). These data indicate that 
patients can use reward cues to remediate their switching deficit.
The enhanced effect of reward on switch costs in PD patients relative to controls 
was accompanied by increased subjective reward responsiveness, as measured with 
the reward scale of the behavioral activation system (BAS) / behavioral inhibition 
system (BIS) questionnaire (t (56) = 2.21, p = .031; Tab le 1). Patients and controls did 
not differ on the other BAS subscales, BAS drive and BAS fun, total BAS or total BIS 
scores (all t (56) < 1; Table 1).
It is unlikely that our effects are driven by dopaminergic treatment, because all 
patients were tested OFF medication. Furthermore, we compared directly behavioral 
performance of PD patients with dopaminergic treatment (levodopa and/or dopamine 
receptor agonists, n = 22) with that of never-medicated patients (n = 10) and found no 
effects (Supp lem en ta l Data). This indicates that our effects are not driven by 
persistent medication-related effects. Furthermore, within the group of patients 
receiving dopaminergic medication, we compared those using agonists with those 
using levodopa only. This comparison also did not reveal any effects of treatment, 
suggesting that our effects do not reflect, for example, increased impulsiveness 
related to the use of dopamine receptor agonists (Dagher and Robbins, 2009).
In cen tive  e ffec ts  on task-sw itching depend  on dopam ine  in th e  dorsal striatum
Next, we assessed whether the use of anticipated reward to facilitate task-switching 
was associated with striatal dopamine depletion in the PD group, as indexed by striatal 
DAT binding. As outlined above, PD patients showed a significantly higher effect of 
reward on task-switching than did controls, and this effect was most pronounced 
during the arrow task (F igure 2A+B). Intriguingly, the magnitude of this behavioral
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F ig u re  4 Brain-behavior relationships
(A) We calculated the ventral-to-dorsal dopamine gradient by computing the asymmetry 
index (AI) between DAT binding in the bilateral nucleus accumbens (NAcc, in red) and the 
bilateral posterior putamen (PP, in blue): AI = [ (NAcc-PP) / (NAcc+PP)]. (B) The NAcc-PP 
gradient (on the x-axis) showed a significant positive correlation with the behavioral reward- 
cognition interaction [normalized error rates: (switch cost low reward) - (switch cost high 
reward), on the y-axis]. This correlation was also significant for DAT binding in the PP (panel C), 
but not for DAT binding in the NAcc (panel D). These results show increased reward-cognition 
interactions in patients with marked dopamine depletion in the posterior putamen, relative 
to the nucleus accumbens, which is in agreement with the proposed dopaminergic 
information flow from ventral to dorsal regions in the striatum. See also Figure S1.
effect correlated significantly with the ventral-to-dorsal striatal dopamine gradient, so 
that patients with a greater gradient exhibited a greater effect of reward on task-switching 
(asymmetry index for DAT binding in the nucleus accumbens divided by that in the 
posterior putamen) (R = 0.46, p = .011; Figure 4A+B). When computing this correlation 
separately for the posterior putamen and for the nucleus accumbens, we found a strong
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and significant relationship between DAT binding in the posterior putamen and the 
effect of reward on task-switching (R = -0.71; p < .001; F igure 4C), but no effect for DAT 
binding in the nucleus accumbens (R = 0.01, p = .95; F igure 4D). Thus, PD patients with 
severe dorsal striatal dopamine depletion profited more from anticipated reward in 
terms of cognitive flexibility than did PD patients with mild dorsal striatal dopamine 
depletion. This effect was driven by two opposite correlations between switch costs 
and DAT binding: DAT binding correlated negatively with error switch costs on low 
reward trials (see above; F igure S1A). Conversely, DAT binding correlated positively 
with error switch costs on high reward trials (R = 0.48; p = 0.006; F igure S1B). These 
effects were not seen for other striatal subregions (p > .3). Correlations between striatal 
DAT binding and reward effects on RT switch costs were not significant. Together, these 
findings demonstrate that dopamine depletion in the dorsal striatum of PD patients is 
associated with greater effects of reward-predictive signals on task-switching. As 
discussed below, we speculate that this reward-based compensation of cognitive 
inflexibility in mild PD reflects intact ventral striatal functioning.
Discussion
This study establishes the role of striatal dopamine in the motivational modulation of 
cognitive control. Specifically, we demonstrate that the effects of monetary incentives 
on task-switching in PD reflect the regional pattern of dopamine depletion in the 
striatum. The data also highlight the compensatory efficacy of reward cues on 
cognitive deficits in PD. Thus, PD patients showed a task-switching deficit compared 
with healthy controls, which was specifically correlated with dopamine depletion in 
dorsal striatum as measured with DAT-SPECT, demonstrating the importance of striatal 
dopamine in this cognitive control process (see Su p p lem en ta l Text). However, PD 
patients used reward cues to decrease this switch deficit, resulting in an increased 
motivation-cognition interaction relative to controls. This enlarged influence of 
reward on cognitive switching behavior was reflected in increased self-reported 
reward sensitivity in patients relative to controls. Importantly, the task-related 
behavioral motivation-cognition interaction in PD patients was associated with 
decreasing levels of dopamine in posterior putamen (dorsal striatum), relative to the 
nucleus accumbens (ventral striatum). This finding suggests that patients with severe 
dopamine depletion in the dorsal striatum rely heavily on anticipated reward (which 
implicates the ventral striatum) to retain the cognitive flexibility required for task 
performance. While DAT binding in the posterior putamen decreased with disease 
progression (severity and duration), DAT binding in the nucleus accumbens remained 
stable. Furthermore, DAT binding in the dorsal striatum was markedly asymmetric, 
with relatively reduced dopamine binding in the most-affected hemisphere, whereas
Incentive motivation improves cognitive rigidity in PD | 243
this pattern was not observed for the ventral striatum. Together, these data establish 
a role of striatal dopamine for the human motivation-cognition interface and suggest 
that intact ventral striatal function in mild to moderate PD normalizes impaired dorsal 
striatal function in motivationally relevant contexts.
Dopamine depletion in the dorsal striatum of PD patients was associated with 
increased interactions between motivation and cognition, i.e. two functions linked to 
distinct ventral and dorsal cortico-striatal loops respectively (Alexander et al., 
1986;Hoover and Strick, 1993). This implies that the ventral and dorsal striatum, instead 
of subserving parallel and segregated cortico-striatal systems, might functionally 
interact with each other. These results concur with previous results from work with 
nonhuman primates, where motivational processes enabled parkinsonian monkeys to 
overcome dysfunction of executive functions (Pessiglione et al., 2004). Furthermore, 
our findings may relate to the cerebral mechanisms underlying the prominent placebo 
effect in PD, which has been related to reward expectancy. Specifically, in PD patients 
the placebo effect was accompanied by dopamine release in both the ventral and 
dorsal striatum, and the latter predicted clinical benefits of the patients (Fuente- 
Fernandez et al., 2001;Fuente-Fernandez et al., 2004). Similarly, the expectation of high 
relative to low monetary reward in the present study may have led to dopamine 
release in ventral striatum, interacting with the depleted dorsal striatum via spiraling 
loops through the midbrain (Haber et al., 2000). Intact reward processing, relying on 
ventral striatal functioning, is indeed a well-replicated finding in PD (for a review see 
(Cools, 2006); see Su p p lem en ta l Text). Therefore, we suggest that motivation-cogni­
tion interactions observed in PD are mediated by intact dopaminergic function of the 
ventral striatum.
Using the same experimental paradigm, we demonstrated previously with 
event-related fMRI that young healthy volunteers with genetically determined high 
striatal dopamine levels exhibited both an increased ventral striatal response during 
reward anticipation and an increased beneficial effect of reward on subsequent 
switching in the dorsal striatum. Importantly, responses in the ventral striatum and 
those in the dorsal striatum were positively correlated, suggesting flow  of information 
between the two regions mediated by striatal dopamine (Aarts et al., 2010). Crucially, 
the direction of information flow through the striato-nigra-striatal loops is suggested 
to be from ventral to dorsal striatum (Haber et al., 2000), possibly serving to mediate 
transitions from goal-directed to overlearned behaviors (Graybiel, 2008). The 
pathophysiology of PD develops in the opposite direction, progressing from dorsal- 
to-ventral striatal dysfunction. W e demonstrated a robust motivation-cognition 
interaction in PD patients, which was associated with dopamine depletion in the 
dorsal striatum relative to the ventral striatum. Hence, these findings suggest that the 
increased functional gradient between ventral and dorsal striatal function may drive
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PD patients to use this pre-existent anatomical pathway, thereby increasing ventral 
striatal influences over the impaired dorsal striatum. This increased ventral-to-dorsal 
gradient of striatal dopamine depletion likely originates in a ventral-to-dorsal 
progression of loss of dopaminergic cells in the substantia nigra pars compacta, which 
is opposite to the pattern of cell loss observed with ageing (Fearnley and Lees, 1991). 
We hypothesize that this opposite pattern accounts for our finding that the effect of 
reward on task-switching and self-reported reward sensitivity were not just unaltered, 
but actually greater in PD patients relative to controls (see Su p p lem en ta l Text).
DAT binding in the ventral striatum (nucleus accumbens) alone did not correlate 
with the effect of reward on task-switching in PD. This might, at first sight, seem 
surprising. There are a few possible explanations for this observation. First, DAT-SPECT 
does not measure dopamine release or transmission directly, but measures DAT 
availability. W hen striatal dopaminergic terminals are severely reduced by neuronal 
loss in the midbrain, DAT binding is reduced and dopamine transmission is impaired. 
Consistent with this account is the observed association between disease progression 
(and cognitive inflexibility) and reduced DAT binding in dorsal striatum. However, 
down-regulation of DATs per terminal, resulting in reduced extracellular dopamine 
re-uptake and increased dopamine transmission, has been identified as a possible 
compensatory change in PD (Adams et al., 2005;Lee et al., 2000). In less severely 
affected target regions, like the ventral striatum, a compensatory down-regulation of 
DATs per terminal might counteract the loss of dopamine terminals, leading to a 
non-linear relationship between DAT binding and dopamine transmission. In fact, 
recent evidence (Cilia et al., 2010) suggests that DAT down-regulation might underlie 
increased dopamine release in the ventral striatum of PD patients with versus patients 
w ithout impulse control disorders (Evans et al., 2006;Steeves et al., 2009). In line with 
such (over)compensatory mechanisms is the observation that parkinsonian rats 
exhibit increased extracellular dopamine levels in the ventral striatum, when dopamine 
levels in dorsal striatum were severely depleted (van Oosten et al., 2005). Future work 
needs to use positron emission tom ography (PET) to directly measure dopamine 
release, testing the hypothesis that intact (or up-regulated) dopamine transmission in 
the ventral striatum underlies the increased use of reward we observed in PD patients 
w ithout impulse control disorder. A second factor to keep in mind is that hypothetical 
increases in ventral striatal dopamine release in response to high relative to low 
reward cues might take place on a more rapid time scale than what is observable with 
PET or SPECT. Future event-related fMRI studies are necessary to test the hypothesis 
that increases in ventral striatal BOLD responses to high reward cues accompany the 
compensatory effects on task-switching observed currently in mild PD.
An alternative account of the present finding is that pathological rather than 
compensatory mechanisms underlie the increased motivation-cognition interaction 
observed in PD. That is, striatal dopamine has been hypothesized to inhibit interactions
Incentive motivation improves cognitive rigidity in PD | 245
between segregated cortico-striatal circuits (Bergman et al., 1998a), resulting in a loss 
of segregation when striatal dopamine levels are depleted. This idea is supported by 
increased correlated activity across neurons in the entire pallido-thalamo-cortical 
circuit of parkinsonian primates (Bergman et al., 1998a). Accordingly, increased 
behavioral interference between motor planning and execution has been observed 
in PD patients (Pessiglione et al., 2005a), and this effect was ameliorated by 
dopaminergic therapy. Similarly, using fMRI, we have recently shown that PD patients 
have increased functional interactions between cortico-striatal circuits passing 
through the (less-affected) anterior putamen and the (more-affected) posterior 
putamen (Helmich et al., 2010). The lack of behavioral measures in that study kept us 
from attributing this pattern to either compensation or pathology (loss of segregation). 
In contrast, here we show that increased interfacing between ventral and dorsal 
striatal circuits optimized behavioral performance in a functionally specific manner. 
This strongly suggests that these effects reflect functional compensation (mediated 
by intact ventral striatal functioning), rather than pathological cortico-striatal 
processing (caused by a loss of segregation). Finally, this explanation also fits with our 
previous study where we used the same task as described here: in that study, we 
found that genetically determined increases in striatal dopamine potentiated 
interactions between motivation and cognition subserved by different striatal 
subregions (Aarts et al., 2010).
To conclude, our results show up-regulated capacity of reward-predictive signals to 
facilitate cognitive flexibility in mild PD. This effect on the motivation-cognition 
interface was predicted by dopamine depletion in the dorsal striatum relative to the 
ventral striatum, providing evidence for a role of striatal dopamine in the mechanism 
by which motivational goals can drive cognitive control processes.
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Supplemental data
Pa rtic ip an ts
Patients and controls showed a similar distribution of age (t(55.068) = -.84, P = .41) and 
level of education (t(55) = -1.53, P = .13).
M a in  b eh av io ra l e ffe c ts
See Su p p lem en ta l ta b le  1 for the raw behavioral data on the rewarded task-switching 
paradigm. In addition to the described interaction effects (see Results), we observed 
main effects: participants responded faster (but not more accurately) to high than to 
low reward trials [RT: F(1,56) = 11.47, P = .001; Errors: F(1,56) < 1] and participants 
responded faster and more accurately to repeat than to switch trials [RT: F(1,56) = 
52.75, P < .001; Errors: F(1,56) = 51.00, P < .001]. Both patients and controls responded 
faster in the arrow task than in the word task [RT: F(1,56) = 111.57, P < .001], corresponding 
to the finding that the arrow task is the easy, dominant task in this paradigm (Roelofs 
et al., 2006). Patients also made more errors in the arrow than in the word task [Errors: 
F(1,31) = 12.72, P = .001], whereas healthy controls did not [Errors: F(1,25) = 2.41, P = .13]. 
Across all trials, patients were less accurate than controls [Errors: F(1,55) = 5.08, P = 
.028], but not significantly slower [RT: F(1,55) = 2.72, P = .105]. The errors were, however, 
not equally distributed across all trial types, as evidenced by the observed 3-way 
interaction effects and the simple effects mentioned in the main text (i.e., a switch 
deficit for patients relative to controls in the low reward arrow trials).
M ed ica t io n  e ffe c ts
All PD patients were tested off dopaminergic medication. However, some patients 
were never-medicated (n = 10), whereas others were withdrawn from their 
dopaminergic medication (n = 22) at the time of testing. To test for possible long-term 
effects of dopaminergic medication on the motivation-cognition interface, we 
compared these two groups. W e did not find a difference in the use of anticipated 
reward to facilitate task-switching between medication-withdrawn and never-medi­
cated patients [error rates + response times, REWARD * SWITCHING * MEDICATION: 
F(1,30) < 1]. In the response times, medication-withdrawn patients did show an 
increased switch cost relative to never-medicated patients [SWITCHING * MEDICATION: 
F(1,30) = 5.9, p = .022], presumably reflecting enhanced disease severity in the medi­
cation-withdrawn versus the never-medicated group. However, as mentioned above, 
to use of anticipated reward to decrease the switch cost did not differ between the 
groups.
As treatment with dopamine receptor agonists has been shown to increase 
impulsivity in some individuals (Dagher and Robbins, 2009), we also assessed the 
effects of the use of dopamine receptor agonists (n = 14) versus other dopaminergic
Suppl. Table 1 Raw data on the rewarded task-switching paradigm
Values represent mean proportion of incorrect responses and mean response times (standard errors of the mean).
Error rates
arrow task word task
low reward high reward low reward high reward
Parkinson's disease
repeat 0.066 (0.008)
switch 0.135(0.011)
Healthy controls
repeat 0.048 (0.008)
switch 0.068 (0.009)
0.078 (0.009) 
0.101 (0.010)
0.031 (0.006) 
0.073 (0.009)
0.031 (0.006) 
0.052 (0.007)
0.023 (0.005) 
0.055 (0.008)
0.032 (0.006) 
0.058 (0.008)
Response times 
arrow task word task
low reward high reward low reward high rewan
529.7 (6.9) 535.8 (7.2) 
554.4 (7.6) 540.5 (6.8)
0.021 (0.005) 469.0 (6.0) 462.0 (5.9) 
0.054 (0.008) 494.9 (6.9) 486.9 (7.1 )
588.6 (5.3) 579.1 (5.0)
621.2(6.1) 611.1(5.9)
540.2 (4.3) 527.6 (4.9)
567.9(5.6) 561.8(5.9)
Incentive motivation improves cognitive rigidity in PD | 249
medication (including levodopa, n = 8) within the medication-withdrawn group. 
W ithdrawal from dopamine receptor agonists vs. other dopaminergic medication, 
mostly levodopa, did not influence the motivation-cognition interface [error rates + 
response times, REWARD * SWITCHING * MEDICATION: F(1,20) < 1]. W e did not observe 
any other significant differences between the medication groups either.
B ra in-b ehav io r re la tionsh ip s
Su p p l. F ig  1 Dopam inergic im aging results, related to Figure 4
Plotted is the correlation between DAT binding in the posterior putamen (V”3, averaged 
across both hemispheres, on the x-axis) and the behavioral switch cost (normalized error 
rates: switch trials - repeat trials, on the y-axis) on low reward trials (panel A) and on high 
reward trials (panel B). The negative correlation between DAT binding and the switch cost on 
low reward trials indicates that dopamine depletion in dorsal striatum is detrimental for 
cognitive flexibility, i.e. it increases the switch cost. The positive correlation between DAT 
binding and the switch cost on high reward trials indicates that dopamine depletion in dorsal 
striatum also triggers a compensatory mechanism, i.e. the increased use of high reward to
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S u p p l. F ig  1 Continued
decrease the switch cost. Together, these opposite correlations lead to a highly significant 
association between dopamine depletion in dorsal striatum and the use of anticipated 
reward to reduce the switch cost [(switch cost low reward) - (switch cost high reward); see 
main Figure 4C]. Panel C shows the correlation between the ventral-to-dorsal dopamine 
gradient and the behavioral reward-cognition interaction. It can be clearly seen that one 
outlier drives this correlation. Because this particular patient had a nucleus accumbens- 
posterior putamen asymmetry index (AI) that was > 3 standard deviations above the group 
average, we removed this subject from this analysis (see Figure 4B in the main text for the 
correlation without this subject, which remained significant).
Supplemental experimental procedures
R ew a rd ed  task-sw itch ing  parad igm
Timing: Stimulus presentation and response recording were conducted using 
Presentation 13.0 (Neurobehavioral systems, Inc., Albany, CA, USA). The intervals 
between the reward-cue and the task-cue, the task-cue and the target, and between 
the feedback and the reward-cue of the next trial were varied randomly from 1 to 2 
seconds (see main Fig. 1). Feedback was given immediately after the participant's 
response. A white asterisk was displayed during the variable intervals between the 
reward-cue and the task-cue and between the task-cue and the target. In the inter-trial 
interval, a blue asterisk was displayed. Participants were told to fixate on the asterisks. 
The cues and the feedback remained on the screen for 600 ms. Targets remained on 
the screen until a response was made or until the end of an individually determined 
response window.
Practice: Before the actual experiment, participants got acquainted with the task 
in three practice blocks. Practice 1 consisted of 24 trials and was performed till the 
task was understood and the participant made less than 5 erroneous responses. 
Practice 2 consisted of 48 trials and this practice block was used to calculate the 
response deadline for each participant separately. Participants were encouraged to 
respond as quickly (yet accurately) as possible. The mean response times (RT) of the 
correct trials per trial-type (arrow-repeat, arrow-switch, word-repeat, word-switch) 
and response hand (left or right) from the second practice block were taken as (eight) 
response deadlines for the corresponding trial-types in the main experiment. In the 
first two practice blocks, no reward-cues appeared and no feedback was given. The 
third practice block consisted of 24 trials and included reward-cues and feedback, 
hereby mimicking the main experiment. Furthermore, similar to the main experiment,
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participants now had to respond faster than their mean RT determined for the eight 
different trial-types during practice 2. This last practice block was performed till at 
least half of the trials were responded to correctly and in time.
Earned reward: On average, for 240 trials, PD patients won 11.83 Euros and controls 
won 12.14 Euros. This difference in total earned reward between patients and controls 
was not significant (t(52) = -1.6, p = .11). At the end of the experiment, the total amount 
of awarded m oney was shown on the screen and this was transferred to the 
participant's bank account together with the standard compensation that was earned 
for participating in the whole experiment.
S tru c tu ra l M R I scan
High-resolution anatomical images were acquired on a Siemens TRIO 3 T MRI system 
(Siemens, Erlangen, Germany), using an eight-channel head coil for radio frequency 
transmission and signal reception (TE/TR = 2.92/2300 ms; voxel size = 1.0 x 1.0 x 1.0 
mm, 192 sagittal slices; FOV = 256 mm; scanning time ~5 minutes). The MRI scan was 
used to generate individual striatal regions of interest (ROI), and to normalize the 
SPECT image to MNI space (see below).
A na lys is  o f  d o p a m in e  tra n sp o rte r  im ag ing  (DAT) scans
Image acquisition: Cerebral SPECT imaging was performed three hours after intravenous 
injection of 185 MBq I-123-FP-CIT (DaTSCAN, GE Healthcare, Eindhoven, the 
Netherlands) with a dual head gamma camera (Siemens ECAM, Siemens AG, Erlangen, 
Germany). All scans were performed with the same camera, especially calibrated for 
this scan using a travelling phantom. The camera was fitted with low-energy high­
resolution collimators using a 15% energy w indow centred on the 159 keV photon 
energy-peak of iodine-123. Both camera heads performed a 180 degree circular 
motion and collected 64 projections (40 seconds per view) in a step-and-shoot mode 
using a 128 x 128 matrix with a zoom factor of 1.23. During scanning the patient's 
head was positioned in a head holder and the patients head and shoulders were 
fixated to minimize m ovement during the scan. The radius of the detector orbit was 
kept as small as possible. Transaxial images were reconstructed using filtered back 
projection with post-reconstruction filtering (Butterworth 8th order, cut-off 0.6) 
w ithout attenuation correction. Registration and semi quantitative analysis were 
performed with a workstation (HERMES, Nuclear Diagnostics, Stockholm, Sweden).
Image pre-processing: First, we co-registered each subject's DAT image to his or 
her structural MRI scan, normalized the structural MRI scan to MNI space [using unified 
segmentation in SPM5; Statistical Parametric Mapping, www.fil.ion.ucl.ac.uk/spm; 
(Ashburner and Friston, 2005)] and applied the resulting normalization parameters to 
the DAT image, while correcting for volume changes induced by normalization. 
Second, we estimated the proportion of the signal caused by specific DAT binding (as
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opposed to activity caused by unbound or non-specifically bound FP-CIT). We 
followed the method described by Scherfler et al. (Scherfler et al., 2005), which 
involves normalizing each voxel's raw signal (VT) by the signal in a region that is 
devoid of dopamine transporters (the occipital cortex, V2). In more detail, for each 
voxel we calculated the specific-to-nondisplaceable equilibrium partition coefficient 
(V”3), which is proportional to DAT density (Bmax) and can be calculated according to 
the equilibrium model introduced by Laruelle and colleagues (Laruelle et al., 1994). 
Under equilibrium conditions between a compartment with specific binding and a 
compartm ent representing non-specifically bound and free activity, V ”3 is proportional 
to Bmax given that both the dissociation constant and the volume of distribution of 
the V2 compartm ent is relatively invariant in the population. Under the assumption 
that the occipital region is devoid of dopamine transporters, the parameter V ”3 can 
be computed for every voxel using the formula:
((counts per m inute / voxel) V T -(counts per m inute / voxel) V2) 
(counts per m inute / voxel) V2
This procedure resulted in one V”3 image for each patient, normalized to MNI space.
Supplemental text
D iscussion  o f C o g n itive  f le x ib ility  in PD
By demonstrating a switching deficit in PD patients (off medication) relative to 
controls, we replicate previous studies investigating cognitive flexibility in PD (Cools 
et al., 1984;Cools et al., 2001 b;Downes et al., 1989;Hayes et al., 1998;Owen et al., 1992). 
Previous imaging studies have suggested that this reflects abnormal processing in 
dorsal fronto-striatal circuitry (Helmich et al., 2009;Monchi et al., 2004;Marklund et al.,
2009), which is most severely affected in the early stages of the disease (Kish et al., 
1988), as was confirmed in the present patient group. Here we provide direct evidence 
for the hypothesis that the switching deficit reflects dopamine depletion in the dorsal 
striatum. Specifically, in our paradigm, the tw o tasks were conceptually very easy and 
highly practiced, with performance not heavily relying on new rule-learning but 
rather involving switching between well-learned stimulus-response mappings. It is 
this kind of switching that has been shown to be sensitive to withdrawal of 
dopaminergic medication in PD (Cools et al., 2001a;Cools et al., 2003;Gotham et al., 
1988). Thus, previous studies have demonstrated a specific role for the striatum (Cools 
et al., 2004;Cools et al., 2006) and a specific deficit in PD (Cools et al., 2001b) for 
switching between stimuli in a non-learning context. Here we corroborate these 
findings by showing a significant association between dopamine depletion in dorsal
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striatum and a switch cost elicited by shifting between well-established contingencies 
(see Supp l. Fig 1A).
D iscussion  o f R ew ard  p rocess ing  in PD
In contrast to DAT binding in the dorsal striatum, DAT binding in the nucleus 
accumbens was not related to disease duration and severity, and showed the smallest 
difference between affected and unaffected hemisphere. This confirms the finding 
that dopamine levels in ventral fronto-striatal circuitry are still relatively intact in early 
PD (Kish et al., 1988). Indeed, studies investigating reward-related processing in PD 
have found that processes associated with ventral fronto-striatal circuitry, like 
reward-based reversal learning, is unaffected in unmedicated mild PD patients, 
whereas medicated patients show deficits on reversal learning or display impulsive 
behavior (Cools et al., 2001a;Cools et al., 2003;Gotham et al., 1988;Swainson et al., 
2000). This so-called 'overstimulation' of the relatively preserved ventral fronto-striatal 
circuitry in mild PD was affirmed by the finding of levodopa-induced disruption of 
ventral striatal activity during reversal learning in an imaging study with PD patients 
(Cools et al., 2007). Despite the evidence of intact reward-processing in mild PD 
mentioned above, some have argued that reinforcement learning (i.e., a type of 
learning from trial-and-error feedback) is impaired in PD. Frank and colleagues have 
found that unmedicated patients displayed intact or even up-regulated learning from 
negative feedback, but impaired learning from positive feedback (Frank et al., 2004), 
which was reversed by dopaminergic medication. The levodopa-induced impairment 
of learning from negative feedback might well explain the reversal learning deficits in 
the medicated state mentioned above. However, the impairments in learning from 
positive feedback in the unmedicated state, do not seem to fit the present results. We 
show increased reward-based motivation in PD to restore cognitive flexibility. The 
discrepancies between the studies might lie in the fact that our task does not involve 
learning. Moreover, in the Frank et al. study, the (trial-to-trial) effects on learning from 
positive feedback were less reliable than those on negative feedback.
D iscussion  o f R ew ard  p rocess ing  in ag e in g
The present results are in line with our previous genetic imaging results in healthy 
young adults, using the same paradigm, that implicated the ventral striatum in 
reward anticipation and the dorsal striatum in the dopamine-dependent motivation­
cognition interaction (Aarts et al., 2010). However, in contrast to healthy young adults 
in our previous study and the PD patients in the current study, the healthy old adults 
in the present study did not show a beneficial effect of anticipated reward on task­
switching. Intriguingly, ageing per se has also been associated with dopamine 
depletion (see Discussion, main text), and this might underlie the finding of reduced 
reward processing in controls relative to patients (Dreher et al., 2008). Unlike previous
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results (Schott et al., 2007), we observed (with a larger sample size) an increased 
response to reward (in terms of task-switching and subjective reward sensitivity) in 
the PD patients relative to the age-matched controls. Comparison of the self-reported 
BAS reward scores across our studies reveals that BAS scores were lowest in healthy 
old adults (15.31, n = 26), intermediate in healthy young adults (Aarts et al., 2010) (16.20, 
n = 20), and highest in PD patients (16.31, n = 32), although the latter group did not 
differ significantly from the healthy young adults in our previous study. Thus, PD 
patients demonstrate a similar reward-cognition interaction and subjective reward 
responsiveness as observed previously in healthy young adults. However, this is not 
due to genetically determined overall high striatal dopamine levels (Aarts et al., 2010), 
but can likely be attributed to increased dopamine levels in ventral striatum relative 
to dopamine levels in dorsal striatum.
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The studies presented in this thesis provide different examples of cerebral reorganization 
in PD. Changes were observed both at the systems level (e.g. altered functional 
connectivity w ithin or between circuits) and locally in specific brain regions (e.g. 
altered task-related activity in the premotor or visual cortex). Below I will provide a 
short summary of these findings. Then I will discuss two unifying concepts that 
emerged from these findings:
(1) the role of altered somatosensory processing in PD motor dysfunction; (2) the role 
of striatal dopamine in modulating the interplay between different cortico-striatal 
circuits. The third major theme of this thesis, i.e. causes and consequences of resting 
tremor, was already discussed in more detail in chap ter 5. I will end this chapter by 
sketching several future perspectives.
Summary of the findings
In chap ter 2, we focused on altered functional connectivity of the striatum, i.e. the 
primary target nucleus of dopaminergic projections that are degenerated in PD. This 
study showed that PD patients have decreased coupling between the (dopamine- 
depleted) posterior putamen and the inferior parietal cortex, while this same cortical 
region had increased functional connectivity w ith the (less-affected) anterior putamen. 
We concluded that dopamine depletion in PD leads to a remapping of cerebral 
connectivity, which reduces the spatial segregation between different cortico-striatal 
loops. These alterations of network properties may underlie abnormal sensorimotor 
integration in PD.
In chap ter 3, we investigated the cerebral mechanisms underlying resting tremor 
in PD. This study showed that resting tremor is mediated by hyperactivity in a specific 
cerebello-thalamic circuit, and by increased interactions between the (dopamine- 
depleted) basal ganglia and the cerebello-thalamic circuit. We concluded that these 
increased interactions provide a neurophysiological context in which transient 
striato-pallidal fluctuations can trigger pathological activity in a pre-existent cerebello- 
thalamic circuit. This may explain why basal ganglia dysfunction is required for 
developing resting tremor, although a cerebello-thalamic circuit produces it. Our 
results also clarify why neurosurgical interventions targeted at either the basal ganglia 
or the cerebello-thalamic circuit can both suppress tremor.
In chap ter 4, we investigated whether the functional organization of the voluntary 
motor system differs between tremor-dominant and non-tremor PD patients, and 
whether these differences relate to the cerebral circuit producing tremor. We found 
that, during motor imagery, tremor-dominant PD patients had better behavioral 
performance and larger imagery-related activity in somatosensory area 3a. The ventral 
intermediate nucleus of the thalamus (VIM), which has known projections to area 3a,
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was unique in showing both tremor- and imagery-related responses. We suggest a 
dual role for parkinsonian tremor. First, tremor-related responses could influence 
voluntary action planning by modulating somatosensory afference to the cortex 
through the VIM. Second, tremor-related increases in somatosensory processing could 
partly compensate for PD-wide impairments in sensorimotor integration.
In chap ter 5, we reviewed the clinical and cerebral characteristics of resting 
tremor in PD. We discussed to what extent our model on tremor genesis (see chapter 
3) differs from other models, and how it can explain characteristic features of PD 
tremor. Furthermore, we discussed how tremor-dominant and non-tremor PD patients 
also differ in other (non-tremor) domains, and how these differences may be 
explained.
In chap ter 6, we used a motor imagery task to test for planning-related differences 
between the least- and most-affected hands in markedly asymmetric PD patients. 
This study showed that PD patients have increased processing in the visual cortex 
(extrastriate body area and occipito-parietal cortex) during imagery of their 
most-affected hand, and increased functional connectivity between visual cortex and 
the left PMd. We relate these findings to compensatory mechanisms, in line with 
clinical evidence that motor behavior in PD patients relies heavily on visual input.
In chap ter 7, we focused on the cerebral mechanisms involved in switching 
between consecutive motor representations in PD, using an adapted version of the 
motor imagery paradigm. This study showed clear switching deficits in PD patients, 
which were specific for the most-affected hand. Furthermore, the behavioral changes 
were accompanied by reduced activity in the basal ganglia and by increased activity 
in the cingulate motor area (CMA). We concluded that the basal ganglia are important 
for rapidly switching towards novel motor plans, even when there is no sequential 
structure to learn or implement. The enhanced CMA activity may result either from 
reduced focusing abilities of the basal ganglia or from compensatory processes.
In chap ter 8, we focused on cognitive switching in PD, investigating whether 
impaired cognitive switching abilities can be ameliorated by anticipation of reward. 
This study showed that impaired switching in PD is specific for low-rewarded trials, 
while this deficit disappears during anticipation of high monetary rewards. 
Furthermore, this behavioral interaction increased with progressive dopamine 
depletion in the posterior putamen. We concluded that striatal dopamine plays a 
crucial role in the motivational modulation of cognitive control. Furthermore, these 
data highlight the compensatory efficacy of reward cues on cognitive deficits in PD.
Summary and Discussion | 261
Parkinson's disease: a somatosensory disorder?
A recurrent finding in this thesis is altered processing w ithin the somatosensory 
system of PD patients. Specifically, in PD patients the primary and secondary 
somatosensory cortex showed altered functional connectivity w ith the striatum, and 
decreased functional connectivity w ith the premotor cortex (chapter 2). These 
intrinsic changes (which were found "at rest") may lead to impaired sensorimotor 
integration during voluntary actions. Indeed, this was found in another study where 
PD patients showed altered motor imagery-related response in these same regions 
(chapter 4). This suggests that somatosensory alterations may contribute to motor 
impairments in PD. This finding is in line with a growing body of evidence showing 
that PD patients are impaired at perceiving the position of their body in space (Demirci 
et al., 1997;Jobst et al., 1997;Klockgether et al., 1995;Maschke et al., 2003;Schneider et 
al., 1986;Zia et al., 2000;Wright et al., 2010). One question that comes to mind is where 
in the nervous system somatosensory processing is disturbed in PD.
First, the disturbances could result from changes in the peripheral somatosensory 
system. Indeed, somatosensory deafferentation in skin biopsies has been found in PD 
patients (Nolano et al., 2008). Specifically, these investigators used quantitative sensory 
testing, and found that patients with PD have a significant increase in tactile and 
thermal thresholds, as well as a significant reduction in mechanical pain perception. 
Moreover, skin biopsies showed loss of epidermal nerve fibres and Meissner corpuscles. 
These results suggest that peripheral sensory deficits occur in PD, and this could 
possibly contribute to their kinesthetic deficits, although it cannot be excluded that 
at least some of these changes were reactive (e.g. caused by rigidity or hypokinesia). 
Furthermore, this role of peripheral afferent feedback cannot account for our finding 
that altered somatosensory processing occurred during motor imagery, which does 
not activate the peripheral nervous system (chapter 4).
Second, the disturbances in PD may result from altered processing within the 
central nervous system. Since the core pathophysiological substrate of PD involves 
dopaminergic dysfunction of the basal ganglia, it appears likely that this circuit plays 
a crucial role. Accordingly, PD patients show altered activity in the basal ganglia during 
jo in t vibration (Boecker et al., 1999), and parkinsonian monkeys show unspecific 
pallidal responses to proprioceptive stimulation (Filion et al., 1988). There are several 
anatomical pathways through which basal ganglia dysfunction could influence 
central somatosensory processing. (1) The thalamus. In primates, the reticular thalamic 
nucleus receives input from the pallidum (Hazrati and Parent, 1991) and regulates 
processing in thalamic sensory relay nuclei (Yingling and Skinner, 1976). In this way, 
basal ganglia dysfunction could directly disturb somatosensory input when it enters 
the brain via the thalamus. (2) The cortico-striatal circuit. The primary somatosensory 
cortex sends massive input to the putamen (Flaherty and Graybiel, 1991;Kunzle, 1977),
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which projects - via the pallido-thalamo-cortical pathway - to the frontal cortex 
(Hoover and Strick, 1993). This may result in the disturbed proprioceptive maps that 
have been found in the SMA of parkinsonian primates (Escola et al., 2002). In this way, 
basal ganglia dysfunction may disturb somatosensory input when relaying these 
signals to the premotor cortex. This possibility is supported by our own data, i.e. we 
found PD-wide changes in cortico-striatal connectivity of the somatosensory cortex 
and CMA (chapter 2), and reduced connectivity between the somatosensory and 
premotor cortices. This suggests that the cortico-striatal circuit plays a central role in 
altered somatosensory processing in PD, although it should be kept in mind that 
these changes may be multi-synaptic. (3) The cerebello-thalamic circuit. Our findings 
in tremor-dominant PD patients suggest a novel mechanism by which basal ganglia 
dysfunction could indirectly influence central somatosensory processing, namely by 
driving the cerebello-thalamic circuit into resting tremor (chapter 3). That is, the 
cerebello-thalamic circuit is centered on the ventral intermediate nucleus (VIM) of the 
thalamus, which contains so-called "tremor cells" (i.e. neurons firing at tremor 
frequency) that also relay proprioceptive input to the somatosensory cortex (BA 3a) 
(Lenz et al., 1994). This may lead to altered thalamic gating of afferent signals to the 
somatosensory cortex. Accordingly, we observed an overlap between tremor- and 
imagery-related responses in the same thalamic VIM region, and altered imagery- 
related activity in BA3a of tremor-dominant PD patients (chapter 4). In this way, basal 
ganglia dysfunction may disturb proprioceptive processing at the thalamic level by 
triggering tremor-related responses in the VIM. In summary, we conclude that 
dopaminergic changes in the cortico-striatal circuit, and tremor-related changes in the 
cerebello-thalamic circuit both contribute to altered somatosensory processing in PD.
Another question is what the physiological role of the basal ganglia is in 
somatosensory processing. In general, it has been suggested that the basal ganglia 
regulate sensorimotor interactions in a way that determines which sensory stimuli are 
used to initiate motor actions and which are disregarded (Albin et al., 1989;Lidsky et 
al., 1985). This fits w ithin the framework of (Houk and Wise, 1995), who proposed that 
the basal ganglia integrate different contextual factors during focused action 
selection, and the state of the system (as defined by proprioceptive input) could be 
one of those factors. Others have suggested that the basal ganglia use somatosensory 
input to perform error-based feedback corrections during movements (Diedrichsen 
et al., 2005;Smith et al., 2000), although this has been challenged by others (Desmurget 
et al., 2004). Our finding of somatosensory alterations during motor imagery could be 
informative about the role of the basal ganglia in normal somatosensory processing. 
That is, since motor imagery does not involve motor execution, the PD-related 
changes we observed are not caused by altered afferent feedback processing, or by 
feedback corrections. Instead, we attribute these effects to an impaired ability to 
predict the somatosensory consequences of actions (forward models). This is in line
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with the idea that the basal ganglia achieve action selection by "opening the sensory 
channel for the expected sensory feed-back afferents during movement" (Kaji et al., 
2005). If these somatosensory expectations fail, then this may result in impaired 
action selection or in impaired dynamic hand estimation during motor execution 
(Contreras-Vidal and Gold, 2004).
Importantly, we do not propose that somatosensory alterations in PD are specific 
for the planning phase. In fact, it is very likely that impaired feedback processing and 
impaired predictions are highly interrelated. More specifically, the motor system is 
designed to adapt to changing circumstances. If the predicted somatosensory 
consequences of planned movements diverge from the actual somatosensory 
feedback resulting from these movements, then with time forward models will be 
adapted to reduce these discrepancies (Keijsers et al., 2005;Blakemore et al., 2002). 
Thus, initial deficits in "passive" somatosensory feedback processing in PD [e.g. 
perception of small elbow flexions, as found by others (Maschke et al., 2003;Zia et al.,
2002)], may lead to somatosensory predictive errors and ultimately result in impaired 
movements.
Finally, it is important to consider the functional consequences of impaired 
somatosensory processing in PD. First, since the nervous system has prior knowledge 
about the variability of its senses (Wolpert, 2007), it is conceivable that the parkinsonian 
brain could try to compensate for the increased uncertainty on predicting the future 
state of the body during a movement. This uncertainty could be reduced by 
accumulating more somatosensory evidence about the current state of the body 
before starting a movement (i.e., longer onset of a movement), by generating less 
noisy motor plans (i.e. slower movements), and by comparing visual predictions with 
visual feedback, when available. These theoretical consequences of altered forward 
models appear to fit w ith movement slowing in PD (Mazzoni et al., 2007), and with 
their behavioral improvement when visual feedback (Keijsers et al., 2005) or visual 
predictions (chapter 6) are available for guiding their actions. Second, an interpreta- 
tional complication is introduced by our finding that tremor-dominant PD patients, 
who generally follow a benign clinical course, deviated most from healthy controls 
and showed markedly increased somatosensory activity during motor imagery 
(chapter 4). If these alterations are a pathological phenomenon, then why do these 
changes predominate in patients w ith a relatively benign clinical course? A possible 
explanation may be that there are compensatory adaptations within the somatosensory 
system. For instance, robust afferent input generated by a tremulous limb might be 
beneficial for improving the estimation of the current state of the body (ameliorating 
somatosensory uncertainty), and dynamic (tremor-related) somatosensory input may 
be better integrated into upcoming motor plans than static somatosensory input 
(Gelissen and Cools, 1987). This possibility is highly speculative, though, and deserves 
future research.
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The role of dopamine in modulating the interplay 
between cortico-striatal circuits
Another general theme that runs through this thesis is the interplay between different 
cortico-striatal circuits. In chapters 2 and 8, we found evidence for increased 
functional interactions in PD. Furthermore, in both studies the directionality of these 
interactions mirrored the known gradient of dopamine depletion occurring in PD, 
w ith increased influence (either behaviorally or cerebrally) of the (less-affected) 
ventro-rostral striatum over the (more-affected) dorso-caudal striatum.
One question that comes to mind is where in the nervous system these interactions 
take place. First, these interactions may be mediated by the midbrain. Specifically, 
neuroanatomical data from nonhuman primates have revealed an arrangement of 
spiraling connections between the midbrain and the striatum that seems perfectly 
suited to subserve a mechanism by which dopamine can direct information flow from 
ventromedial, via central, to dorsolateral striatal regions (Haber et al., 2000). In this 
way, the ventral striatum could influence dopamine release in the dorsal striatum. 
This anatomical principle may explain how motivation can drive actions in healthy 
humans, and why PD patients can ameliorate impaired switching (dependent on the 
dorsolateral striatum) under motivationally salient conditions (involving the ventral 
striatum; see chap ter 8). Second, enhanced interactions between cortico-striatal 
circuits in PD may take place in the striatum. In the healthy state, anatomical cortico- 
striatal projections undergo a marked pattern of convergence and divergence. For 
example, there is both a "one-to-many" and a "many-to-one" pattern of connectivity 
between the sensorimotor cortex and the striatum (Flaherty and Graybiel, 1994). This 
anatomical principle has been proposed to be important for integrating information 
between different cortical areas (Graybiel et al., 1994;Mink, 1996). Furthermore, in 
healthy primates projections from the anterior cingulate (ACC) terminate widely 
throughout the striatum, interfacing with terminals from several frontal areas 
(Calzavara et al., 2007). This allows the ACC to 'broadcast' information over a large 
striatal area, which may serve to signal environmental variations (such as the 
motivational context) to update basal ganglia-mediated routines (such as cognitive or 
motor processes). At the same time, the basal ganglia are thought to employ an active 
de-correlation mechanism, based on the finding that - in normal primates - the 
activity of neighboring pallidal neurons is completely uncorrelated (Bar-Gad et al.,
2003). Striatal dopamine has been proposed to separate different striato-pallidal 
circuits, based on evidence that parkinsonian primates develop markedly increased 
correlations between remote pallidal neurons (Bergman et al., 1998a). In line with 
this "loss of segregation hypothesis", parkinsonian primates show less selective 
neuronal responses to proprioceptive stimulation in the entire pallido-thalamo- 
cortical loop (Filion et al., 1988;Pessiglione et al., 2005b;Goldberg et al., 2002). These
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pathophysiological changes in PD have been linked to the emergence of excessive 
synchronization in the basal ganglia, which may explain symptoms like tremor 
(Deuschl et al., 2000;Levy et al., 2002) or akinesia (Hutchison et al., 2004;Zaidel et al.,
2009). However, it is not clear whether this loss of segregation only occurs within an 
individual cortico-striatal loop [e.g. blurring the somatotopy w ithin the motor loop; 
(Romanelli et al., 2005)], or also between different cortico-striatal loops [e.g. blurring 
the distinction between cognitive and motor processing; (Pessiglione et al., 2005a)]. 
For example, it is not straightforward why a pathological loss of segregation should 
lead to increased motivation-cognition interactions that optimize behavioral 
performance in PD (chapter 8). Furthermore, while we observed a spatial remapping 
of cortico-striatal connectivity in the cortex (chapter 2), the BOLD time courses of the 
posterior and anterior putamen showed a decreased correlation in PD. This indicates 
that the altered cortico-striatal interactions observed in chapters 2 and 8 were not 
caused by functional blurring within the striatum. Taken together, the altered cortico- 
striatal interactions observed at the systems level may be caused by different 
mechanisms than the loss of segregation observed at the level of striatal neurons. 
Third, enhanced interactions between cortico-striatal circuits in PD may take place 
w ithin the cortex. For example, the increased motivation-cognition interaction in PD 
(see chap ter 8) could be mediated by cortical regions that are sensitive to reward, 
and that modulate cognitive (or motor) areas through cortico-cortical connections 
(Aarts et al., 2008). The ACC, where motivational, cognitive and motor regions overlap 
(Paus, 2001), seems perfectly suited to serve as an interface between different (corti- 
co-striatal) circuits.
A second issue relates to the behavioral and clinical relevance of increased 
interactions between different cortico-striatal circuits in PD. In chap ter 8, we found 
strong evidence that the increased motivation-cognition interaction served to 
compensate cognitive dysfunction in PD. This finding illustrates how a salient 
motivational context can activate cognitive resources that were not used in a different 
(less rewarding) context. This finding may have important clinical implications: it 
suggests that impaired motivation, e.g. occurring in depression, can aggravate motor 
dysfunction in PD. Depression is very common in PD, occurring in up to 40% of all PD 
patients (Cummings, 1992;Reijnders et al., 2008). The presence of depression in PD has 
been linked to dopaminergic dysfunction of the ventral striatum, as well as serotonergic 
dysfunction (Remy et al., 2005;Paulus and Jellinger, 1991). Furthermore, the severity of 
depression in PD has been found to correlate w ith motor dysfunction and with 
cognitive set-shifting abilities (Cooper et al., 1991), and depressed PD patients have 
more motor symptoms than non-depressed PD patients (Kuhn et al., 1996). Our 
findings provide a possible neurobiological substrate for these previous findings, and 
they suggest that treating PD patients from their depressive symptoms may also 
ameliorate their motor and cognitive symptoms. Our data also indicate that strategies
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to increase a patient's motivation - provided either by relatives or by professionals - 
can have an important impact on the patient's cognitive (and possibly motor) function. 
The functional significance of the connectivity changes observed in chap ter 2 
remains to be elucidated, since we did not collect behavioral measures in that 
experiment. As outlined above, it is most likely that the spatial remapping of cortico- 
striatal connectivity we observed is not caused by a loss of segregation w ithin the 
striatum, but rather by system-level compensatory changes. This interpretation is 
further supported by our finding that the changes in cortico-striatal connectivity 
were largest for the least-affected anterior putamen, i.e. where the compensatory 
reserve is highest. However, although these connectivity changes may help retain 
cortico-striatal coupling in the face of (dorsolateral) striatal dysfunction, we 
hypothesized that they may also cause maladaptive changes at other levels of the 
network. For instance, the cortical area showing cortico-striatal remapping (parietal 
cortex) also showed reduced functional connectivity w ith other portions of the motor 
system (i.e. the motor cortex). This may lead to impaired sensorimotor integration, as 
seen in chap ter 4. This example illustrates how complex functional reorganization in 
PD is. In a simple view, there is "bad reorganization" and "good reorganization", and 
therapies should attempt to inhibit the first and stimulate the latter. But is this really 
true? It could well be that pathological changes in PD trigger a chain of plastic 
adaptations, which can have both positive and negative consequences for behavior, 
depending on the task demands. The implication is that interventions directed at 
compensatory mechanisms may improve some but worsen other levels of 
performance.
Future Research
Research should generate more questions than it answers, and this thesis forms no 
exception to this rule. An interesting finding that deserves further attention is the 
altered cortico-striato-pallidal functional connectivity reported in chapters 2 and 3. 
First, these changes are most likely caused by striato-pallidal dopamine depletion, 
which is the pathophysiological hallmark of PD. However, they could also be driven by 
structural changes in the basal ganglia, e.g. loss of spines on medium spiny neurons 
in the putamen (Day et al., 2006;Zaja-Milatovic et al., 2005), or by changes in other 
neurotransmitter systems, e.g. acetylcholine (Bohnen et al., 2009) or serotonin (Doder 
et al., 2003). To distinguish between these possibilities, future studies may test whether 
dopaminergic therapy can reverse altered functional connectivity in PD. Furthermore, 
it would be interesting to relate the functional connectivity changes to in-vivo 
measures of structural dysfunction of the basal ganglia of PD patients, for example 
using magnetic resonance spectroscopy (MRS, to measure N-acetyl aspartate (NAA)
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concentrations in the basal ganglia). NAA is contained almost exclusively w ithin 
neurons and is therefore considered to act as an in vivo marker of neuronal loss and/ 
or viability (Martin, 2007). Second, it appears relevant to test how pharmacological 
manipulations of striatal dopamine in healthy subjects change the spatial distribution 
of cortico-striatal connectivity. This would provide a more fundamental view on how 
dopamine modulates the interplay between cortico-striatal circuits, while avoiding 
PD-related changes in other systems (Braak et al., 2003), the PD-specific gradient in 
striatal dopamine depletion (Kish et al., 1988), or characteristic progression of 
pathology in neurodegenerative disorders (Palop et al., 2006). Third, better imaging 
techniques, i.e. w ith higher resolution, may allow a more detailed view on altered 
functional connectivity within the basal ganglia. For example, parkinsonian resting 
tremor has been linked to changes in the subthalamic nucleus [STN; (Levy et al., 2000)], 
and to altered coupling between the STN and the external globus pallidus (Plenz and 
Kital, 1999). W ith the fMRI resolution employed here (3.5 x 3.5 x 5.0 mm), it is not 
possible to reliably isolate BOLD signal from the STN, but this might be feasible when 
using higher field strengths. Fourth, one of the strengths of resting state fMRI is that 
the acquisition of these data is relatively easy (no task setup or training required), fast 
(within 10 minutes), and non-invasive (as compared to e.g. SPECT or PET). This makes 
this technique a promising tool to be used in clinical practice (Dosenbach et al., 2010), 
for example as a diagnostic tool [which has been proposed for Alzheimer's disease; 
w ith a sensitivity of 85% and a specificity of 77% (Greicius et al., 2004)]. To test the 
diagnostic potential of this technique, one could investigate healthy individuals at risk 
for developing PD, for example carriers of the leucine rich repeat kinase 2 gene [LRRK2, 
which has a high life time penetrance of 30-100%; (Thaler et al., 2009)]. Furthermore, 
routine use in the clinic would ideally require an observer- and technique-independent 
method for detecting individual changes, for example independent component 
analysis [ICA; (Cole et al., 2010)] or multivariate pattern analysis (Dosenbach et al.,
2010). Fifth, in chapters 2 and 4 we observed a cerebello-thalamic tremor network in 
PD, which we showed to be also present in healthy controls (on the basis of 
inter-regional intrinsic coupling). This suggests the presence of a core, physiological 
network that can be driven into generating tremor. It would be very interesting to test 
the possibility that this same cerebello-thalamic network is also crucially involved in 
other tremor pathologies, such as essential tremor (ET). The prediction would be that, 
in ET, neural structures different than the basal ganglia can trigger tremor-related 
activity in a core cerebello-thalamic circuit that is "shared" between PD and ET 
patients. Alternatively, ET patients may have a different (or extended) cerebello-thal- 
amic tremor network, as compared to PD patients. Finally, it should be emphasized 
that the causal role of the cerebral changes observed in this thesis remains unclear. As 
outlined in chap ter 1, fMRI is a correlative measure that does not enable inferences 
about causality. The following example makes this clear. In chapter 7, the enhanced
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cingulate motor area (CMA) activity observed during action switching in PD increased 
w ith disease severity, w ith basal ganglia dysfunction, and (indirectly) w ith behavioral 
switching impairments. It seems a clear case of pathological reorganization, caused 
by impaired focusing abilities of the dopamine-depleted basal ganglia (Mink, 1996). 
However, the same correlations may also reflect increased recruitment of compensatory 
CMA activity as the disease advances, w ith CMA activity replacing impaired basal 
ganglia contributions at the cost of longer processing times. To distinguish between 
these possibilities, it would be necessary to interfere with CMA activity and evaluate 
the effect on switching behavior in PD. In a similar vein, it remains unclear whether 
the increased visual cortex activity observed during motor imagery in chap ter 6 
prevents behavioral impairments (making it an instance of compensatory 
reorganization) or whether it reflects less efficient cortical activation (making it an 
instance of pathological reorganization). Future intervention studies are needed to 
answer this question.
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Cerebrale reorganisatie bij de ziekte van Parkinson
De ziekte van Parkinson is een neurologische ziekte waarbij zenuwcellen in een 
specifiek deel van de hersenen sterven, namelijk in de substantia nigra. Deze cellen 
produceren dopamine, een stof die belangrijk is voor normaal functioneren van de 
basale ganglia. Deze kernen diep in de hersenen hebben verbindingen met talloze 
andere hersengebieden. Hierdoor raakt de werking van complete netwerken in de 
hersenen verstoord, wat uiteindelijk resulteert in symptomen zoals tremor, traagheid, 
stijfheid, en gestoorde balans. In dit proefschrift heb ik onderzocht welke hersenme- 
chanismen een rol spelen bij het ontstaan van die symptomen. Daarbij heb ik gekeken 
naar hersengebieden die disfunctioneren, maar ook naar hersengebieden die een 
compenserende rol hebben. Omdat de ziekte zich langzaam ontwikkelt, en omdat 
niet alle hersengebieden in dezelfde mate worden aangetast, kunnen sommige 
hersengebieden functies overnemen van andere gebieden. Zo kan reorganisatie in 
het brein van Parkinson patiënten zowel goed als slecht zijn: bepaalde veranderingen 
leiden tot neurologische klachten, en andere veranderingen compenseren daarvoor. 
Ten eerste heb ik gekeken naar de basale ganglia. Daarbij heb ik onderzocht hoe de 
verbindingen tussen deze kernen en de rest van de hersenen veranderd zijn bij 
Parkinson patiënten. Ten tweede heb ik me gericht op tremor, in het bijzonder op de 
hersengebieden die verantwoordelijk zijn voor het produceren van dit symptoom. 
Ten derde heb ik gekeken naar hersengebieden die betrokken zijn bij beweging, en 
hoe deze gebieden afwijkend functioneren bij Parkinson patiënten. Ten slotte heb ik 
onderzocht in hoeverre Parkinson patiënten belonende signalen kunnen gebruiken 
om te compenseren voor mentale traagheid.
Om de reorganisatie in de hersenen van Parkinson patiënten te onderzoeken, heb 
ik gebruik gemaakt van functionele MRI (fMRI). Dat is een techniek waarbij de 
doorbloeding van het brein gemeten wordt, terwijl een proefpersoon in de scanner 
een taak uitvoert. Zo kan getest worden welke hersengebieden betrokken zijn bij het 
uitvoeren van die taak, en hoe de activiteit in die gebieden verschilt tussen groepen.
Basale Ganglia
De basale ganglia bestaan uit verschillende kernen die ieder een eigen functie 
hebben. Zo is het putamen belangrijk voor het maken van bewegingen, waarbij het 
achterste deel (posterior putamen) vooral een rol speelt bij het uitvoeren van simpele 
bewegingen, en het voorste deel (anterior putamen) belangrijk is voor het plannen 
van complexere bewegingen. De andere onderdelen van de basale ganglia zijn de 
caudatus, de accumbens en het pallidum. Bij Parkinson patiënten is vooral het 
posterior putamen verstoken van dopamine. Ik heb onderzocht wat voor invloed dat
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F igu re  1 Resultaten
Panel A: Bij gezonde mensen is het posterior putamen verbonden met de parietale schors. 
Bij Parkinson patiënten, waar het posterior putamen disfunctioneert vanwege dopamine 
tekorten, wordt die verbinding overgenomen door het anterior putamen, waar minder 
dopamine tekorten zijn.
Panel B: Bij tremor-dominante Parkinson patiënten is relatief veel dopamineverlies in het 
pallidum (in rood). Het pallidum laat hierdoor afwijkende activiteit zien, waardoor de tremor 
"aan" gezet wordt (zoals bij een lichtschakelaar). De tremor wordt geproduceerd door een 
ander netwerk bestaande uit thalamus, cerebellum en motore schors (in blauw). Dit netwerk 
bepaalt de amplitude van de tremor (zoals een lichtdimmer).
Panel C: Tijdens ingebeelde bewegingen met de aangedane hand (in rood) laten Parkinson 
patiënten meer hersenactiviteit zien in de visuele schors dan tijdens ingebeelde bewegingen 
met de niet-aangedane hand (in blauw). Dit zou een uiting van compensatie kunnen zijn.
heeft op de verbindingen met de rest van de hersenen (zie Figuur 1 A). Bij Parkinson 
patiënten had het posterior putamen minder intensieve verbindingen met de parietale 
schors dan bij gezonde mensen. Interessant genoeg was het omgekeerde patroon te 
zien voor het anterior putamen. Dat gebied had bij Parkinson patiënten juist meer 
verbindingen met de parietale schors dan bij gezonde mensen. Deze reorganisatie 
zou een uiting kunnen zijn van compensatie, waarbij intacte delen van de basale 
ganglia functies overnemen van disfunctionerende delen. Tegelijkertijd kan deze 
reorganisatie echter ook de uitwisseling van informatie verstoren, waarbij informatie 
terecht komt bij gebieden die er niets mee doen.
Tremor
Tremor, ofwel het trillen van een arm of been in rust, komt maar bij 75% van de Parkinson 
patiënten voor en is één van de minst begrepen symptomen van de ziekte van 
Parkinson. Om te onderzoeken welke hersengebieden tremor produceren, heb ik 
Parkinson patiënten met en zonder tremor vergeleken (zie Figuur 1 B). Tremor­
dominante Parkinson patiënten hadden minder dopamine in een specifiek deel van de 
basale ganglia, namelijk het pallidum. Dit hersengebied werd bovendien kortdurend 
actief aan het begin van iedere tremor episode. De activiteit in andere hersengebieden 
(maar niet in de basale ganglia) was gerelateerd aan de mate van tremor: cerebellum, 
thalamus en motore schors waren actiever als de tremor heviger was. Dit resultaat 
suggereert dat tremor geproduceerd wordt door twee netwerken: de basale ganglia 
zetten de tremor aan (zoals een lichtschakelaar) en een ander netwerk bepaalt de mate
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van de tremor (zoals een dimmer). Dit verklaart waarom diepe hersenstimulatie in zowel 
de thalamus als in het pallidum de tremor kan behandelen. Bovendien zou het tot 
nieuwe therapieën kunnen leiden, zoals diepe hersenstimulatie die alleen bij het begin 
van tremor episodes het pallidum (de tremor schakelaar) "uit zet".
Motorische verbeelding
Om te onderzoeken of Parkinson patiënten tijdens beweging andere hersengebieden 
gebruiken dan gezonde mensen, heb ik gebruik gemaakt van motorische verbeelding. 
Daarbij stellen mensen zich voor een beweging te maken, zonder deze daadwerkelijk 
uit te voeren. Eerder onderzoek heeft aangetoond dat tijdens motorische verbeelding 
(deels) dezelfde hersengebieden geactiveerd worden als tijdens echte bewegingen. 
Het voordeel van motorische verbeelding is dat het relatief gemakkelijk in de scanner 
te onderzoeken is. Proefpersonen kregen een plaatje te zien van een hand of een 
voet, en moesten aangeven of het een linker of rechter lichaamsdeel was. Om deze 
vraag te kunnen beantwoorden, draaiden mensen in gedachten hun eigen hand of 
voet in de oriëntatie van het plaatje. Dit proces heet "mentale rotatie", en het is een 
manier om motorische verbeelding te onderzoeken.
Eerst heb ik Parkinson patiënten getest die alleen aan de rechter kant symptomen 
hadden (zie Figuur 1 C). Tijdens ingebeelde bewegingen met de aangedane (rechter) 
hand lieten deze patiënten verhoogde activiteit zien in hersengebieden die belangrijk 
zijn voor het verwerken van visuele informatie (extrastriate body area en occipito- 
parietale schors). Deze activiteit was niet te zien tijdens ingebeelde bewegingen met 
de niet-aangedane (linker) hand. Bovendien wisselden deze visuele gebieden intensief 
informatie uit met de premotore schors, een hersengebied dat belangrijk is voor het 
plannen van bewegingen. Hoewel de hersenactiviteit verschillend was voor de 
aangedane en niet-aangedane hand, werd de ingebeelde beweging voor beide 
handen wel even snel en nauwkeurig uitgevoerd. Dit suggereert dat Parkinson 
patiënten visuele informatie gebruiken om te compenseren voor problemen met 
bewegen. Het zou bijvoorbeeld kunnen verklaren waarom Parkinson patiënten 
gemakkelijker lopen over een zebrapad (wat een visueel patroon geeft) dan over een 
kale weg (zonder visuele informatie).
Vervolgens heb ik bij dezelfde groep Parkinson patiënten gekeken naar een 
specifiek type beweging, namelijk bewegingen die afwijken van de voorafgaande 
beweging. Het is bekend dat Parkinson patiënten problemen hebben met het 
switchen tussen opeenvolgende bewegingen, maar niet welke hersengebieden 
daarbij betrokken zijn. Ik vond dat Parkinson patiënten extra moeite hadden met 
switchen tussen bewegingen, en dan vooral voor de aangedane hand. Die problemen 
waren niet zichtbaar voor de minst aangedane hand. De basale ganglia, die bij de
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ziekte van Parkinson aangetast zijn, lieten tijdens switchen verlaagde activiteit zien. 
Een ander deel van de hersenen, de cingulate motor area (CMA), liet juist verhoogde 
activiteit zien. Dit resultaat toont aan dat disfunctie van de basale ganglia bij Parkinson 
patiënten kan leiden tot moeite met switchen tussen bewegingen. De CMA zou een 
compenserende rol kunnen spelen, maar ook bij kunnen dragen aan het probleem: 
immers, patiënten waren trager voor dat type bewegingen.
Ten slotte heb ik onderzocht of Parkinson patiënten met en zonder tremor 
verschillende hersengebieden gebruiken tijdens motorische verbeelding. Tremor­
dominante Parkinson patiënten lieten meer activiteit zien in hersengebieden die 
prikkels uit het lichaam (gevoel) verwerken dan Parkinson patiënten zonder tremor. 
Dit zou kunnen verklaard kunnen worden doordat de tremor een hersengebied 
"bezet" houdt, dat normaal gesproken dit soort prikkels remt (de thalamus). Verrassend 
genoeg maakten Parkinson patiënten met tremor minder fouten dan Parkinson 
patiënten zonder tremor. Het lijkt er dus op dat tremor, hoewel een neurologisch 
symptoom, een positief effect zou kunnen hebben op het maken van bewegingen. 
Dit zou deels kunnen verklaren waarom Parkinson patiënten met tremor over het 
algemeen een betere klinische prognose hebben dan patiënten zonder tremor.
De invloed van beloning
Het is bekend dat Parkinson patiënten problemen hebben met switchen: niet alleen 
tussen bewegingen, maar ook tussen gedachten en strategieën. Dat komt, omdat 
switchen in belangrijke mate afhangt van het achterste deel van de basale ganglia 
(onder andere het posterior putamen), waar relatief veel dopamine verlies is. Het 
voorste deel van de basale ganglia (onder andere de accumbens) is belangrijk voor 
het herkennen van belonende situaties, bijvoorbeeld wanneer je veel geld kunt 
verdienen. Bij Parkinson patiënten is nog relatief veel dopamine in de accumbens 
aanwezig. Omdat de accumbens indirect met het posterior putamen verbonden is, 
zou een belonende situatie kunnen leiden meer dopamine in het posterior putamen, 
waardoor switchen makkelijker wordt. Dat bleek het geval: Parkinson patiënten 
hadden meer moeite met switchen dan gezonde ouderen, maar alleen in situaties die 
niet belonend waren (dat wil zeggen, waarin ze nauwelijks geld konden verdienen 
met een goed antwoord). In gevallen waarin ze relatief veel konden verdienen met 
een goed antwoord, presteerden ze even goed als gezonde mensen. Dit resultaat 
betekent dat relatief intacte delen van de basale ganglia kunnen compenseren voor 
aangedane delen, een overtuigend voorbeeld van compensatie.
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Conclusie
Dit proefschrift toont reorganisatie aan in de hersenen van Parkinson patiënten. 
Sommige vormen van reorganisatie zijn duidelijk disfunctioneel, zoals hersenactiviteit 
die leidt tot tremor of tot switch problemen. Andere vormen lijken eerder compensatoir, 
zoals het gebruik van belonende prikkels om switch problemen te verhelpen, of het 
gebruik van visuele signalen om normaal te kunnen bewegen. Er zijn echter ook 
paradoxale situaties, waarin een extra neurologisch symptoom (tremor) geassocieerd 
is met betere klinische prognose. Kunnen neurologische symptomen "goede" 
neveneffecten hebben? En kunnen compensatoire veranderingen (bijvoorbeeld in de 
basale ganglia) "slecht" zijn? Toekomstig onderzoek zal dat hopelijk uitwijzen.
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